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Existing materials and technologies in the semiconductor industry are 
approaching their physical limits as the device size is decreasing continuously. 
Recent developments in the memory resistor (memristor) have generated 
much interest in materials and device research to utilize the resistive switching 
(RS) phenomenon for application in resistive random access memory (RRAM) 
and next generation non-volatile memory and hybrid logic/memory devices. 
Numerous metal chalcogenides and metal oxides have been found to exhibit 
the RS phenomenon. In order to explore the potential of RRAM, considerable 
research effort is still needed with respect to a deeper understanding of the 
microscopic mechanism responsible for resistive switching.  
In this work, resistive switching in yttrium oxide (Y2O3) and 
silver/silver sulfide (Ag/Ag2S) materials, which show unipolar and bipolar RS 
behaviour respectively, are investigated. The RS hysteresis in both types of 
material systems is successfully demonstrated. By comparing the RS from the 
Ag/Ag2S heteronanowire array using SPM and probe station characterization 
techniques, it is shown that the switching is independent of the probing area, 
suggesting that the conductive path is filamentary in nature. Through the 
comparison of RS properties for nanowire and thin film structures, the Ag 
filament growth in the nanowire structure is found to be confined and possibly 
with a straighter profile than in the thin film structure. This results in a smaller 
ON-state conductance and larger SET voltage observed from the thin film 
structure. The formation of the Ag filament in the Ag/Ag2S structure is found 
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not only to be induced by an electric field, but is dependent on both the time 
duration and voltage magnitude when the bias is applied.  
The RS behaviour in Y2O3 depends on a few factors, including oxide 
film thickness, electrode size and electrode material. The conductive filament 
in the Y2O3 thin film is suspected to consist of oxygen vacancies. By varying 
the electrode material, it is found that repeatable RS could only be observed by 
using a reasonably small forming voltage. Otherwise, permanent dielectric 
breakdown could occur due to the large power dissipated when the device is 
switched from the high resistance state to the low resistance state in the 
forming process. It is found that a Y-Y2O3 bilayer structure helps in the 
reduction of the RESET current and this provides insight into reducing the 
total switching energy consumption for RRAM application.  
Y2O3 shows a superior ON/OFF resistance ratio of greater than 106, 
good memory retention reliability performance (at least 106 s at room 
temperature), fast WRITE speed of ~10 ns and small switching energy of the 
order of nanoJoules. These, coupled with the unipolar switching scheme and a 
CMOS compatible fabrication process, make Y2O3 a very promising candidate 
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CHAPTER 1 INTRODUCTION 
1.1 Background and Motivation 
Existing materials and technologies used in the semiconductor industry 
are approaching their physical limits as the device size is decreasing 
continuously. This raises the issue that the device miniaturization process 
could only continue for another decade or so. The memory resistor 
(memristor), that was proposed theoretically a few decades ago by Leon Chua 
[1] and which was later demonstrated experimentally using titanium dioxide 
(TiO2) by R.S William’s group in 2008 [2, 3], is an exciting new area of 
devices and materials research. This is because the memristor offers unique 
switching characteristics that combine the properties of a memory element and 
a resistor which cannot be provided by current passive devices. In a memristor, 
the device resistance depends on the history of the applied voltage. This 
characteristic is termed as the resistive switching (RS) effect and the ability to 
utilize this switching capability of the memristor will provide increased 
capacity for non-volatile memories in the near term and pave the way for 
innovative circuit designs in the future. Besides possessing the RS effect, an 
ideal electronic switch needs to be scalable down to atomic dimensions and 
with negligible power dissipation. Such a device will have potential 
applications in memory and logic operations. In 2005, Terabe et al. reported 
such a switching device using silver sulfide (Ag2S), an ionic conductor metal 
chalcogenide in which electrical conduction is achieved by both electrons and 
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ions [4, 5]. The formation and disruption of a filamentary silver (Ag) bridge in 
the Ag2S material, which is a reversible process, results in the RS phenomenon. 
By combining two Ag2S structures with appropriate resistors and capacitors, 
Terabe and co-workers have demonstrated basic operations of AND, OR and 
NOT logics. In 2010, Borghetti et al. also reported the realization of logic 
operation by TiO2, in which the same device structure serves as both a logic 
gate and memory latch [6]. In the past few decades, materials including metal 
chalcogenides, metal oxides and even some organic compounds
 
in metal-
insulator-metal (MIM) structures, have been reported to show the RS effect 
and have been proposed as potential candidates for resistive random access 
memory (RRAM) applications [7]. Several mechanisms have been proposed to 
explain the RS phenomenon. Since the active area in such devices is always 
buried under a top electrode, visualization and analysis of the conductive path 
are rarely carried out. Hence, physical evidence of the actual switching 
mechanism still remains elusive. Nevertheless, a few mechanisms that are 
more widely accepted have been proposed. These mechanisms include the 
reduction of migrating metal cations at the cathode resulting in the formation 
of a metal filament [7, 8], and the drift of positively-charged oxygen vacancies 
to form or disperse locally conductive channels through the metal/oxide 
electronic barrier [3, 7, 8]. In transition metal oxides, thermal effect inducing 
the disruption of conductive filaments is another plausible mechanism for the 
fuse-antifuse type of switching [8, 9]. 
In order to further explore the potential of RRAM, considerable 
research effort is still needed with respect to a deeper understanding of the 
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microscopic mechanism of the switching process. The process and material 
optimization, effects limiting the switching reliability, impact of thermal effect, 
details of the electrode reactions, and role of defects and interfaces need to be 
further addressed. As discussed in refs. [10, 11], the large variation in the SET 
voltage (i.e., the voltage to switch the device to a low-resistance ON state) 
could be one of the biggest challenges for the widespread applications of 
RRAM devices. Hence, it is only through a better understanding of the RS 
mechanism that an improved control of the RS properties could be achieved 
and eventually be applied to RRAM. 
1.2 Objectives 
In this project, we aim firstly to demonstrate repeatable RS behaviours 
for both bipolar and unipolar switching using silver/silver sulfide (Ag/Ag2S) 
heterostructures and yttrium oxide (Y2O3) thin film structures, respectively. 
The switching mechanism of Ag/Ag2S system is well-understood by the 
formation and breakage of Ag conductive filament inside the Ag2S material. 
However, there is no direct comparison of the RS properties between the two-
dimensional thin film and one-dimensional nanowire structures. Through the 
comparison between Ag/Ag2S nanowire and thin film structures, the effect of 
nanostructuring on the RS properties will be investigated. Nanowire 
characterization of RS with scanning probe microscopy (SPM) will also be 
developed, and this will provide additional information on the localization of 
the filament formation during the electrical biasing. Besides using sweep 
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voltage bias, constant voltage stress will be employed to investigate the time-
voltage dependency of the Ag filament growth.  
The effect of varying the annealing conditions for the Y2O3 thin film 
structure will be investigated for the identification of the origin of the 
conductive filament formation. It should be noted that Y2O3 is a relatively 
unexplored transition metal oxide material for RS applications. Although 
bipolar RS has been reported recently for Y2O3, unipolar RS will be 
demonstrated and reported for Y2O3 for the first time in this work. The 
difference in the RS behaviour will be explained and a switching mechanism 
for Y2O3 will be proposed based on the different current-voltage (I-V) 
characteristics obtained from varying electrode materials in the investigated 
MIM structure. Due to the incapability of the semiconductor parameter 
analyzer to obtain I-V information for small time scales, effort is also devoted 
to characterize the SET speed and RESET energy using pulsed voltage 
waveforms with time resolution down to nanoseconds. This provides accurate 
dynamic measurements and the obtained results could be used for comparison 
with those reported in the literature.  
1.3 Organization of Thesis 
In this thesis, the contents are organized into eight chapters, with the 
first chapter being the introduction. The literature review is covered in Chapter 
2 for various RS mechanisms and the simulation models. Chapter 3 describes 
the experimental details for the setups and processes used in both fabrication 
and characterization of the Ag/Ag2S heterostructure as well as for the Y2O3 
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thin film structure. Specialized methodologies, such as scanning probe 
microscopy and electrodeposition, are briefly discussed for the better 
understanding of such techniques which are used in this project. Chapter 4 
covers the RS behaviour of the Y2O3 thin film structure and its dependency on 
annealing condition as well as electrode material. Besides the reliability 
performance, a comparison of switching parameters of the Y2O3 thin film 
structure and other binary oxide materials will be presented in Chapter 5. The 
RS behaviour of the Ag/Ag2S heterostructure and the comparison between 
nanowire and thin film structures are presented in Chapter 6, while Chapter 7 
reports the reliability performances and the time-dependent SET process of 
this material system. Last but not least, Chapter 8 summarizes the 
accomplishments of this project and provides recommendations for future 




CHAPTER 2 LITERATURE REVIEW 
2.1 Introduction 
Since the pioneering work on the resistive switching (RS) phenomenon 
by Hickmott in 1962 [12] and Ovshinsky in 1968 [13], a large variety of 
materials have been shown to demonstrate hysteresis in the electrical current-
voltage (I-V) characteristics of the metal-insulator-metal (MIM) structure. The 
“insulator” in the MIM structure is often a metal chalcogenide, a metal oxide 
or some organic compound while the “metal” is usually a reasonably good 
electron conductor, which is often but not necessarily a real metal. These 
materials are believed to emerge as promising candidates for the next 
generation non-volatile memory as they combine the advantages of FLASH 
and DRAM while avoiding the inherent drawbacks of each type of memory 
[7]. In this chapter, a brief review on the properties and mechanisms of 
materials showing the RS phenomenon will be provided, which is based 
primarily on metal chalcogenides and metal oxides. Firstly, the basic operation 
principles of RS will be introduced in section 2.2. Following that, the 
compliance current effect in both forming and SET processes will be 
discussed. The focus of this chapter will be on the switching mechanisms, 
which will be classified based on whether thermal effect is the dominant 
mechanism. In section 2.5, some RS simulation models will be discussed. A 
summary of the technology requirements of the various switching parameters 
for RRAM application will also be presented. This will serve as a benchmark 
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for results reported for Y2O3 and the Ag/Ag2S material system in the 
subsequent chapters.    
 
2.2 Basic Operation Principles 
Some basic information needs to be clarified before describing the RS 
properties and mechanisms. Typically, an initial electroforming process on the 
pristine state is required in order to activate the RS phenomenon [14]. The 
forming process is believed to induce soft breakdown in the dielectric film and 
generate conductive channels [8, 15, 16]. For oxide materials, the evolution of 
oxygen atoms from the anode is one possible observation as a result of the 
discharge of oxygen ions (O2-) [17]. By applying appropriate voltages, the 
device could be switched ON from a high resistance state (HRS) to a low 
resistance state (LRS) and switched OFF from a LRS to a HRS repeatedly. In 
subsequent cycles after the initial forming stage, the SET voltage (VSET) is 
usually significantly smaller than the SET voltage in the forming cycle, which 
is typically referred as the forming voltage (VFORM). This is because the 
changes have already been generated across the entire film thickness during 
the forming or preconditioning process.  By the same reason, a larger VFORM is 
always expected for a thicker film while VSET is almost independent of the film 
thickness. These have been experimentally verified by many studies [8, 18-20] 




Figure 2.1: Current-voltage characteristics of a Cu/SiO2 electrochemical metallization 
cell showing the first (forming) and subsequent cycles. (a) Forming and 
subsequent switching cycles measured at a sweep rate 1 V/s on a Cu/SiO2/Pt 
cell with a 15 nm thick oxide layer and a circular 75 µm Cu top electrode. (b) 
Oxide film thickness dependence of the SET voltage for the forming, VSET, 
FORM, and subsequent switching cycles, VSET [8]. 
Based on the voltage polarity dependence, the RS behaviours are 
generally classified into two schemes, namely bipolar (asymmetric) and 
unipolar (typically symmetric). As shown in Figure 2.2(a) and 2.2(b), the SET 
and RESET in bipolar switching are triggered by voltages of opposite polarity 
while in unipolar switching, SET and RESET occur at the same voltage 
polarity. Both the HRS and LRS are stable after the removal of the external 
voltage. Another switching scheme, which is called threshold switching 
(Figure 2.2(c)), has also been reported but it is believed to be unstable and 
could not be used for non-volatile memory application [21]. A compliance 
current (ICOMP) is usually imposed in the SET process to prevent permanent 
breakdown of the device. In general, the RESET process occurs at a higher 




Figure 2.2: Schematic diagrams of the I-V curves showing three switching schemes: 
(a) bipolar switching, (b) unipolar switching and (c) threshold switching. 
Both HRS and LRS in switching schemes (a) and (b) are stable after the 
removal of the external voltage. The dashed line represents the ICOMP in the 
SET process. 
In addition to the typical two resistance states (i.e., HRS and LRS) 
switching, switching with multiple states (i.e., multistate switching) is also 
achievable in specified materials, such as in Cr:SrZrO3, Cr:SrTiO3, 
La0.7Sr0.3MnO3 and Pr0.7Ca0.3MnO3 thin films  [22-25], which exhibit bipolar 
switching behaviours. Late in the last decade, multistate was also observed in 
the RS of NiO [26, 27] and TiO2 [28]. Chae et al. reported the multistate 
switching in the RESET process in TiO2 that shows unipolar switching [28]. 
As shown in Figure 2.3(a), the multistate switching in the RESET process is 
clearly represented by successive RESET I-V curves after a single SET 
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process. Each of the RESET level is metastable until the magnitude of another 
voltage sweep reaches almost the RESET voltage (VRESET). The experimental 
findings of Chae et al. are further supported by simulation results based on the 
random circuit breaker model as shown in Figure 2.3(b). An interesting 
finding is the observation of multistate switching for the first time in a single 
cobalt oxide nanowire with dimensions in the 10nm scale, which was 
demonstrated by Nagashima et al. in 2010  [29]. This finding opens up the 
opportunity to explore the RS application in multibit three dimensional RRAM. 
 
Figure 2.3: Multilevel reset switching behaviours in unipolar RS. (a) Experimental I-
V curves for a Pt-TiO2-Pt capacitor. Successive voltage sweeps of up to 0.43 
V yielded multilevel RS with various intermediate states. (b) Simulation 
results based on the RCB network model [28].  
 
2.3 Compliance Current Effect 
The value of ICOMP in both forming and SET processes play a crucial 
role in the RS properties as this will determine the amount of current allowed 
to flow through the established conductive filament. ICOMP in the forming 
process, if too large, will cause irreversible permanent breakdown of the 
device [30]. If ICOMP is too small, the conductive filament will not be formed 
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properly. An appropriate ICOMP is an important prerequisite for RS to be 
demonstrated and has to be selected carefully. Jeong et al. reported the RS 
transition from the bipolar switching scheme to the unipolar scheme in TiO2 
by increasing ICOMP in the forming process from <0.1 mA to >1 mA [31]. 
When ICOMP is within the range from 0.1 mA to 1 mA, there is co-existence of 
both switching schemes, without a dominating scheme. 
ICOMP in the SET process is found to modulate the ON state resistance 
(RON) by various reports [29, 32-37]. This facilitates the realization of 
multistate switching [29]. An inverse proportional relationship has been 
reported for the plot of ON-state cell resistance versus the SET compliance 
current as shown in Figure 2.4, with a different gradient of the straight line fit 
for various types of materials. In addition, the IRESET also scales with ICOMP [33, 
35, 36] due to a “stronger” filament induced by a higher ICOMP [30, 34] and 
thus higher power/energy is needed to rupture the filament [30, 38]. It is also 
reported that a smaller ICOMP in the SET process induces improved 
controllability of the RS parameters, with a narrower (tighter) distribution of 




Figure 2.4: Set compliance current effect on the ON-state cell resistance for Ag-
Ge0.3Se0.7-Pt cells. The experimental data fits the inverse proportional 
relationship [32]. 
In fact, the ICOMP required to limit the current flow in either the 
forming or SET process is not hundred percent effective, especially during the 
forming process as illustrated in Figure 2.5. Since the forming voltage (VFORM) 
is typically larger than VSET, a lot of charges have been accumulated in the 
MIM capacitor structure before VFORM is reached. The moment when VFORM is 
reached, a sudden discharge (in nanosecond time scale [39]) of the current 
through the device could not be recorded by the measuring instrument [35, 39, 
40], which is usually a semiconductor parameter analyzer. Hence, the current 
surge (IOVERSHOOT) beyond ICOMP is not limited within the short time scale. The 
instantaneous power, given by the product of IOVERSHOOT and VFORM, could 
damage the device permanently. As illustrated in Figure 2.5, a lower VFORM is 
accompanied by a lower IOVERSHOOT, and thus a smaller power dissipation is 
required. A lower VFORM is therefore preferred. 
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Figure 2.5: Schematic illustration of current overshoot (IOVERSHOOT) at VFORM, which is 
not limited by ICOMP. Decrease in VFORM induces smaller IOVERSHOOT. 
 
2.4 Switching Mechanisms  
Although there are numerous investigations on the RS behaviour of the 
MIM structures, there is no unanimous agreement on the switching 
mechanisms as the physical evidences of the switching are typically buried 
under the metal contacts and are difficult to visualize and analyze. However, 
the understanding of switching mechanisms is the ultimate goal for the 
investigation of RS phenomenon before it could be applied into an actual 
memory device. Generally, it is perceived that the switching of the MIM 
system consists of both physical and chemical effects. Based on the type of 
ions that are migrating under an electric field, Waser and Aono have reviewed 
the switching mechanisms when the electronic effect or ionic effect is 
dominating [7]. Another review by Waser et al. in ref [8] covers the RS 
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phenomenon, in which reduction-oxidation (redox) process is involved. In this 
short section, the focus will be on RS mechanisms reported for chalcogenides 
and oxides as these are more relevant to our experimental findings presented 
in later chapters.   
 The switching mechanisms can be classified based on whether thermal 
effect is dominating in the RS behaviour. Thermal effect does not involve any 
voltage polarity dependency (e.g., in phase change memory which is caused 
by pure thermal effect) and shows predominantly in the unipolar resistive 
switching scheme [41]. The redox chemical reactions or charge related effects 
depend on the voltage polarity for the ion or charge transport. Thus, the 
bipolar/unipolar switching scheme directly reflects the non-thermal/thermal 
effect being the dominant mechanism. There exist some material systems 
showing both bipolar and unipolar switching, such as TiO2 [31, 42], NiO [43], 
HfO2 [44] and SrTiOx [45]. The transition from bipolar to unipolar switching 
is usually triggered by having a larger compliance current or voltage, where 
the thermal effect could suppress other effects [31, 42, 43, 45].  
Regardless of whether switching is bipolar or unipolar, the actual 
change in the film can be classified as either “filamentary” or “interfacial”. 
The difference between the filamentary and interfacial types of resistive 
switching can be understood by considering the area dependence of the cell 
resistance. The interfacial type of switching is usually related to the bipolar RS 
behaviour observed in semiconducting perovskite oxides [46, 47]. The 
interfacial resistance results from the Schottky barrier when metal electrode 
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and semiconducting oxide are in contact. Alteration of the interfacial 
resistance is responsible for the RS behaviour. A number of models have been 
proposed for the interface type conducting path, such as electrochemical 
migration of oxygen vacancies [24, 46], trapping of charge carriers (hole or 
electron) [47, 48] and a Mott transition induced by carriers doped at the 
interface [49, 50]. In recent studies on bipolar switching, the interfacial type of 
change is rarely reported. This, coupled with the visualization of the filament 
[51], makes the filamentary type of RS more prevailing.  
The definition of a filamentary change needs to be clarified. When 
referring to filamentary type of change, it is not necessary that the change in 
film properties is localized across the entire film thickness from cathode to 
anode. For oxygen defect related changes, such as in TiO2, it is reported that 
the change near the cathode is more or less homogeneous [3]. This is also 
referred as a “virtual cathode” in some reports as the changed area (with high 
conductivity) functions as the “new” cathode [8]. This virtual cathode will 
become more and more localized when the changes propagate towards the 
anode. It has been verified by Yang et al. that the change near the anode is a 
local effect instead of being homogeneous effect as in the TiO2 bulk material 
[3]. In reality, it is also not possible for the change to be completely 
homogeneous due to imperfections in the fabrication process, especially when 
the change is related to electric field. Changes in film properties are preferred 
at places where the electric field is more concentrated. Xia et al. reported a 
large variation of electric field distribution if the cathode electrode has a 
slightly larger surface roughness [52]. For the filamentary type of switching, 
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the physical observation of the filament is presented by Kwon et al. in 2010 
using in-situ TEM and electrical bias on Pt-TiO2-Pt structure [51]. The device 
is firstly formed and a blown-off region on top electrode is chosen for the 
TEM sample preparation. By performing electrical characterization and the in-
situ TEM, the atomic structure changes for ON and OFF states are clearly 
resolved in the high-resolution TEM images as shown in Figure 2.6(a) and 
2.6(b) respectively. The selected region in both states is identified to be Ti4O7, 
the magneli phase of TiO2. The shape of the nanofilaments is conical, in 
agreement with the filament growth models, as proposed in refs. [53] and [54] 
that a thinner filament is present near the anode side. The active region, where 
the connection and rupture of the filament take place, is also near the anode. 
 
Figure 2.6: High-resolution TEM images of (a) a Ti4O7 nanofilament formed in TiO2 
and (b) disconnected Ti4O7 nanofilament in conical shape [51]. 
For the MIM structures exhibiting bipolar switching, the most typical 
system is when “I” is an ionic conductor (e.g. chalcogenides) and one of the 
“M” being some active metal, which serves as the metal source for the metal 
filament formation in “I”. If there is no compensation of the metal atoms in 
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forming the filament from the electrode, the growth of the filament may not be 
sufficient for the RS to occur [55]. The other electrode is usually inert and the 
electrode asymmetry is crucial to have bipolar switching behaviour to occur. It 
is well accepted that the switching mechanism in this type of system is the 
formation and annihilation of the metal filament under an alternating voltage 
polarity bias. The types of metal filament reported so far are limited to Ag [4, 
18, 19, 55-60] and Cu [33, 56, 61-63] for chalcogenides or doped oxide 
materials. Aono’s group have carried out extensive work investigating the RS 
in Ag (Cu) -Ag2S (Cu2S)-M system [4, 18, 19, 55-58, 63, 64]. In the case of 
Ag2S, Ag+ ions migrate in the Ag2S solid electrolyte towards the cathode, 
which is made from inert material, and are reduced there to form Ag atoms. 
The continuous reduction process causes Ag atoms to form a metal filament 
extending from the cathode to anode which finally turns ON the switch. As the 
anode is usually made of electrochemically active materials, Ag in this case, 
metal atoms will be oxidized and dissolved into the electrolyte, thus 
compensating those Ag+ ions consumed in the Ag filament. Due to the huge 
size difference between the Ag filament and electrode, the compensation from 
the Ag electrode will not cause significant changes to the electrode itself. The 
chemical reactions occurring at the cathode and anode are described in Eqs. 
(2.1) and (2.2), respectively [55]. Utilizing the bipolar RS phenomenon in 
Ag2S, a quantized conductance atomic switch was successfully demonstrated 
in ref. [4] as illustrated in Figure 2.7.  
AgeSAgAg duction →+ −+ Re2 )(      (2.1) 
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−+ + → eSAgAgAg Oxidation )( 2      (2.2) 
 
Figure 2.7: (a) SEM image of the quantized conductance atomic switch and (b) 
schematic diagrams of the quantized conductance atomic switch. As-formed 
switched ON state (top), OFF state (middle) and ON state after the initial 
switching off process (bottom)[4]. 
The visualization of the growth and shrinkage of a Ag protrusion is 
reported in ref. [55] when Ag2S-coated Ag is used as the STM tip, in which a 
Ag protrusion with length of >200 nm and diameter of <100 nm is observed 
under SEM. In 2007, Guo et al. observed the switching process in Ag+ 
migration based systems using a Ag/H2O/Pt planar structure, where the solid 
electrolyte is replaced by de-ionized water as shown in Figure 2.8 [65]. The 
visualization of the Ag dendrite shows that the contact is only established by 
probably one dendritic twig. It is also pointed out that the critical switching off 
mechanism is due to the curvature difference between the Ag twig and the Ag 
electrode. Although the twig and electrode are of the same material, the major 
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voltage drop will be at the neck point, where the twig touches the electrode, 
due to the smallest cross sectional area at this location. This leads to the 
dissolution of the Ag bridge and makes the cell switch to the OFF state. Yang 
et al. is able to observe and analyze the chemical composition of the filament 
using in-situ EDX and TEM [60]. A filament growth model is proposed as 
illustrated in Figure 2.9. In the forming process, Ag+ ions, oxidized from Ag 
atoms at the anode, migrate towards the cathode under the electric field. These 
ions are then reduced to Ag atoms at the cathode and the accumulated Ag 
atoms form a Ag filament from the cathode to the anode. In the subsequent 
RESET process, the thinnest portion of the Ag filament near the anode is 
oxidized to Ag+ ions, resulting in the device switching to the OFF state. 
Despite the different solid electrolyte used in Yang et al.’s work, the actual 
mechanism presented is in agreement with that described by Aono’s group. 
Based on various studies, thermal effects have been verified to have a 
negligible role in the switching off process for this type of material system, for 
which the growth and annihilation of the conductive filament is realized by the 
redox process occurring at the active electrode [65, 66]. Also the switching off 
at the thinnest portion of the filament due to the concentrated electric field at 




Figure 2.8:The switching on process while applying -1 V to a Pt/H2O/Ag cell with a 
Pt/Ag gap of 3µm: (a) I-t curve, [(b), (c) and (d)] SEM images showing the 
Ag dendrite growth after applying -1V for about 1, 2 and 4 s, respectively 
[65]. 
 
Figure 2.9: Schematic diagrams of the mechanism of resistive switching effects in 
Ag/ZnO:Mn/Pt devices. (a) The oxidation of Ag at the top electrode. (b) The 
migration of the mobile Ag+ cations toward the cathode and their reduction 
therein. (c) The precipitation of Ag metal atoms at the Pt electrode results in 
the growth of a Ag protrusion that finally forms a highly conductive bridge in 
the cell. (d) When the polarity of the applied voltage is reversed, an 
electrochemical dissolution of the bridge takes place, resetting the system 
into the OFF state [60]. 
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In material systems showing bipolar switching, RS can result from the 
collapse and restoration of the barrier (with thickness probably <10 nm) near 
the metal-dielectric interface region [47]. The barrier is believed to be 
Schottky-like and migration of oxygen ions (vacancies) is responsible for the 
collapse and restoration of the barrier. It seems reasonable to understand that 
metal ions are mobile in some ionic conductor. However, oxygen ions, 
especially in transition metal oxides, are more mobile than metal ions. An 
oxygen ion map, carried out by Jeong et al. on a Al-TiO2-Al structure cross-
sectional, revealed substantially different oxygen ion concentration profiles for 
the ON and OFF states [67]. Together with some previous findings, as in refs. 
[17] and [68], this makes the migration of oxygen ions (vacancies) a plausible 
mechanism. In the TiO2 material, incorporation of oxygen vacancies changes 
the TiO2 to a more conductive and non-stoichiometric TiO2-x material, with 
such changes starting from the cathode to anode. The conductive path formed 
shunts the barrier and switches ON the device. To switch OFF the device, a 
reversed voltage polarity repels the oxygen vacancies away and TiO2-x is 
changed back to insulating TiO2. Jeong et al. showed by theoretical 
calculation that a higher oxygen vacancy concentration reduces the Schottky-
like barrier height [69]. In other reports by Xu et al., it is the decrease in the 
barrier width that is induced by the accumulation of oxygen vacancies [70]. 
The Schottky-like barrier model is commonly reported in TiO2 material [3, 67, 
69, 71-73]. In other materials, a similar mechanism has also been reported, 
such as in Al2O3 [74] and in ZrO2 [75]. 
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In 2007, Yang et al. (R.S. Williams’ group) showed the importance of 
the interface in the electrical behaviour of the M-TiO2-M system by 
comparing the I-V curves obtained from combinations of Pt-TiO2 and Ti-TiO2 
interfaces, as illustrated in Figure 2.10 [3]. The interfacial reaction between 
Ti-TiO2 generates sufficient oxygen vacancies and causes the Ti-TiO2 interface 
to show resistive (ohmic) behaviour. However, the amount of oxygen 
vacancies under the Pt electrode is not sufficient to make the Pt-TiO2 interface 
ohmic. The barrier at the Pt-TiO2 interface (denoted as a diode in the 
equivalent circuit) can be overcome by applying a positive voltage to the Pt 
electrode (Figure 2.10(c)). As illustrated in Figure 2.10(b), besides the higher 
oxygen vacancies under the Ti electrode, the smaller barrier height (Φb) is 
believed to be another reason for the collapse of the barrier. The experiments 
also prove the switching is a localized effect, and is not dependent on the 
electrode size. That indicates that the chemical change in the TiO2 thin film is 






Figure 2.10: (a) Schematic of the electrodes and the single crystal. Four adjacent pads 
were deposited as pairs of Pt (blue) and Ti/Pt (yellow) contacts. (b) Energy 
diagram showing the low oxygen vacancy concentration under the Pt pads 
maintaining the Schottky-like barrier (denoted by a rectifier) between Pt and 
TiO2 to produce rectifying junctions, whereas the high vacancy concentration 
at the interfaces under the Ti/Pt pads collapses the Schottky-like barrier and 
produces ohmic contacts (denoted by a resistor). Φb and w are the electronic 
barrier height and width. (c) The four-probe I-V curves between the 
combinations of the four pads in (a). The insets to these I-V diagrams are the 
corresponding equivalent circuit diagrams consisting of two electronic 
elements (rectifier or resistor) in series [3]. 
Recently in 2011, the same group (R.S. Williams) provided 
experimental evidence that the work function (which can be translated to Φb 
from the semiconductor point of view) of the metal electrode is actually not 
the determining factor of the electronic barrier at the interface (see Figure 
2.11(a)) [72]. Through investigating the interface resistance between TiO2 and 
various metal electrodes, it is found the electronic barrier is determined by the 
ease of the interfacial chemical reactions. The interfacial resistance is directly 
related to the standard free energy to form oxides from the respective metals 
as shown in Figure 2.11(b). More importantly, noble metals (e.g., Pt and Au), 
which are generally believed not to react with TiO2, do reduce TiO2 to its 
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suboxides (not necessary to Ti metal) and generate oxygen vacancies at the 
metal- TiO2 interface.  
   
Figure 2.11: Relationship between interface resistance and (a) work function and (b) 
standard free energy to form oxides of the metal electrodes [72]. 
For MIM systems exhibiting unipolar switching, the resistive 
switching is believed to be dominated by thermal effects [8]. The SET process 
is triggered by the thermal breakdown of the film, leading to a conductive 
filament [14]. During the RESET process, Joule (or I2R) heating causes 
redistribution of active ions and the switching is therefore independent on the 
polarity of the applied voltage [10, 68, 76]. In a physical model proposed by 
Gao et al. the unipolar switching scheme, a higher temperature is found to 
reduce the RESET time under a pulsed voltage bias [68]. However, the 
existence of chemical processes should not be neglected even when local Joule 
heating effect is prominent. The assistance of the Joule heating, acting in 
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tandem with the applied electric field, accelerates redox process, as well as the 
switching [9, 10]. The pristine resistance of the device is reported to be nearly 
proportional to the electrode size, indicating a uniform conducting mechanism 
[76, 77]. In the ON state, a filamentary type of change is induced because the 
ON-state conduction is found to be ohmic and localized [44, 76, 78-80]. 
Unipolar switching is frequently observed in NiO [26, 36, 76, 78, 81-88], as 
well as in other materials such as TiO2 [51, 89], SnO2 [90], AlxOy [91] and 
ZrO2 [92, 93]. Because the unipolar switching behaviour is analogous to that 
occurring in an electrical fuse, this type of switching is also termed as “fuse-
antifuse” type [8, 10]. Taking NiO as an example, the Ni-rich initial condition 
is found to play an important role in forming the conductive filament [83]. 
Further studies relate the filament with the metallic Ni defects near the grain 
boundaries as reported in refs. [85, 94]. Lee et al. observed the filament using 
high resolution TEM and confirmed that it consists of Ni atoms at the grain 
boundaries [83]. The transition from insulating NiO to conducting Ni-rich 
phase under thermal effects could be explained by the Ellingham diagram 
(Figure 2.12) as a lower valence is always favoured at a higher temperature [8]. 
That could be the reason why unipolar switching is observed in almost every 




Figure 2.12: Temperature dependence of the free energy of formation of various 
transition metal oxides. The energy axis is also shown in equivalent 
equilibrium oxygen partial pressures. The colour code shows phases of 
identical cations [95]. 
 
It is worthwhile to mention that there is often a co-existence of 
unipolar threshold and memory switching for NiO [21, 85, 96]. The 
monostable threshold switching and bistable unipolar memory switching are 
believed to come from the same origin and could be controlled by temperature. 
As illustrated in Figure 2.13, the threshold switching generally occurs prior to 
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the unipolar memory switching, without a permanent physical change of the 
film (Figure 2.13(b)). This is why the ON state in threshold switching is 
unstable. If electrical stimulation continues, permanent changes could be 
thermally activated and threshold switching changes to memory switching 
(Figure 2.13(c)). Alternatively, the device goes back to the RESET state 
without any permanent change (Figure 2.13 (a)) [8, 97]. 
 
Figure 2.13: Physical model for resistive switching. From the RESET state (a), 
threshold switching results in an electronic conducting filament (CF) (b), 
causing thermal damage and a structural CF (c). Alternatively, recovery can 
restore the RESET state by the extinction of the electronic CF [97]. 
Starting from the forming process, thermal effects seem to play an 
essential role in the unipolar switching scheme. Whenever the current level is 
in some tenths of a milliampere or even higher, morphological changes are 
observed in the anode electrode [42, 51]. It is shown that these changes are not 
restricted to the electrode only, as some nanosized pores are also formed in the 
dielectric thin film [98]. Although the interlink between the physical changes 
and unipolar switching is still unclear, these changes are believed to be related 
to thermal damage [8]. In fact, it is not easy to identify whether the thermal 
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effect or redox effect is the primary mechanism for the switching process 
because usually there is co-existence of both effects. A more convincing way 
to show that unipolar switching is dominated by thermal effect is to compare 
the bipolar and unipolar characteristics on exactly the same material and 
structure. It is stated that the transition from bipolar to unipolar switching is 
triggered by a large voltage sweep or higher compliance current [31, 42, 43, 
45]. As illustrated in Figure 2.14 by Schroeder and Jeong [42], the RESET 
current is below 1 mA for the case of bipolar switching in the Pt-TiO2-Pt 
structure (refer to Figure 2.14(a)). After this is changed to unipolar switching 
by applying successive voltage sweeps with increased current compliance 
from 0.1 mA to 3 mA, the RESET current increases to 30-50 mA (refer to 
Figure 2.14(b)). The dramatic increase of RESET current indicates a Joule 
heating effect in the filament, which dominates other effects and causes the 
polarity dependence (in bipolar switching) to disappear. 
 
Figure 2.14: I-V characteristics for (a) bipolar switching in linear scale and (b) 
unipolar switching in logarithmic scale for Pt-TiO2-Pt. Inset in (b) shows the 
same curves in linear scale [42]. 
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In 2007, Russo et al. proposed a thermal dissolution model to explain 
the thermal effect in the dissolution of the filamentary conduction path in NiO 
material [9]. In the RESET process, the filament is assumed to be laterally 
dissolved due to the enhanced electrical field. The dissolution process is 
illustrated in Figure 2.15. As the Joule heating increases as voltage sweeps, a 
high lateral dissolution zone of the filament develops in the middle of the 
filament leading to a hot spot. In a self-accelerating process, this locally 
enhances the electric field and current density; hence the Joule dissipation and 
temperature increase, which in turn enhances the speed of dissolution until 
filament rupture eventually occurs. This model is further explored by Cagli et 
al. for the performance and reliability prediction of RRAM devices under 
pulsed and static bias conditions [97]. 
 
Figure 2.15: Simulation results for thermal dissolution of the conductive filament 
(CF). CF dissolution is faster at the hot spot. The formation of a bottleneck 
further enhances Joule heating due to current crowding, resulting in a self-
acceleration of RESET. Also shown (right) is the temperature profile along 






2.5 Simulation Models for Resistive Switching Phenomenon 
Due to the difficulty in visualizing the conductive filament (CF) 
physically, simulation models have been used to simulate the growth process 
of the filament theoretically. A proper simulation model could provide insights 
on how certain RS parameters can be changed. The simulation results can 
therefore provide insights to drive the experimental efforts to improve the RS 
performance of the device.  
The formation of metallic filament in some solid electrolyte materials 
is due to the redox process of metal ions [7, 8]. Yu and Wong simulated the 
growth process of a metal filament by plotting the potential contours near the 
filament as shown in Figure 2.16 [32]. The metal ions, migrating along the 
concentrated electric field in the vertical direction, are reduced at the tip of 
filament. This results in the filament growing in the vertical direction before 
the filament touches the anode. This vertical-growth process is commonly 
mentioned but the lateral growth is sometimes neglected in the entire growth 
procedure. The contribution of ref. [32] is the prediction of the filament 
lateral-growth after the connection is established.  Although the electric field 
along the horizontal direction is weak, the lateral growth rate is not negligible 
due to the severe weakening of the previously concentrated electric field in the 
vertical direction after the connection between anode and cathode is 
established. This simulation result on the filament lateral-growth explains our 
previous experimental finding that a thicker filament is believed to be formed 
under a longer stress voltage and/or larger voltage magnitude, as reported in 
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ref. [99]. It is also to be noted that the lateral dissolution of the filament occurs 
before the vertical dissolution during the RESET process.  
 
Figure 2.16: Potential contours for the conductive bridge RAM cell before and after 
the conductive filament touches the top electrode. The electric-field lines 
indicate the field-driven ion migration preference direction [32]. 
For the bipolar oxide-based RS memory, Kang’s group has proposed a 
ion-transport-recombination model to quantify the RESET behaviour [68, 100]. 
In this model, the formation of the CF is attributed to the generation of new 
oxygen vacancies (VO) by ionization of the oxygen ions (O2- ) in the lattice 
under voltage biasing. For the ON state, VO is fully occupied by electrons and 
the conduction is due to electron hopping transport among these VO. In the 
RESET process, the rupture is attributed to the recombination between 
interstitial O2-  ions and the charged VO+ with low-electron-occupied (LEO) VO. 
Based on the electron hopping mechanism, the electron transport 
characteristics along the CF are calculated. The dependency of the electron 
occupation probability (ρEO) on bias voltage is calculated as shown in Figure 
2.17. Utilizing the electron hopping characteristics, the RESET time (tRESET ) is 
predicted to be shorter when it is operated at higher temperature and this is 
verified using a ZnO-based device. In their further work, it is predicted that 
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fast RESET speed and long endurance can be achieved by choosing an oxide 
material using O2-  ions with larger diffusion coefficient and electrode material 
with high O2-  ions interface barrier. 
                
Figure 2.17: Calculated distribution of electron occupation probability (ρEO) along the 
CF under different voltage [68]. 
Another popular model, known as the random circuit breaker (RCB) 
model, was proposed in 2008 by Chae et al. initially for unipolar switching 
only [101]. This percolation model consists of a network of “circuit breakers”, 
each of which is bistable in either ON or OFF states, with resistance values rl 
and rh respectively as illustrated schematically in Figure 2.18. The conditions 
for switching to occur between these two states are specified as follows: 
ON state  OFF state      when △v > voff    (2.3a) 
OFF state  ON state      when △v > von    (2.3b) 
 




Figure 2.18: Schematic diagram of the RCB network composing of circuit breakers. 
The evolution of the conductive filament in the forming operation, starting 
from the pristine state with a few circuit breakers in the ON state. The growth 
direction of the filament is generally parallel to the electric field established 
by the external bias [101]. 
A specified percentage of circuit breakers are initially (in the pristine 
structure) in the ON state already, corresponding to defects in the dielectric 
film. By implementing a certain current compliance ICOMP, the voltage in the 
SET process is increased after each iteration until ICOMP is reached. In the 
forming process illustrated in Figure 2.18, the growth direction of the filament 
is generally parallel to the electric field and there is only one anode-to-cathode 
connecting filament formed overall. This explains the independency of 
unipolar switching on the electrode size. This simple model successfully 
simulates the reversible dynamic unipolar RS behaviour with variations in 
VSET. In addition, it suggests the importance of the initial condition in the 
unipolar RS.  
In 2011, the RCB model was modified to account for both bipolar and 
unipolar RS [45]. In addition to the circuit breakers in the bulk material, a 
layer of circuit breakers with slightly different properties are inserted between 
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the bulk and anode interface as shown in Figure 2.19. At the interface region, 
each circuit breaker could have three possible states: interfacial ON state (rlint), 
interfacial OFF state (rhint) and bulk ON state (rlfilm) with rhint > rlint > rlfilm. 
Switching rules at the interface region is polarity dependent, hence giving 
bipolar switching if the connection/disconnection point of the filament is 
within the interface region. As the switching rules in the bulk region are 
exactly the same as that reported in ref. [101], RS is unipolar if the 
connection/disconnection point is within bulk region. The transition from 
bipolar to unipolar switching occurs by rlint changing to rlfilm when induced by 
a larger voltage magnitude. Reversible switching type change only occurs 
when the connection/disconnection point is near the junction between the 
interface and bulk regions. The modified RCB model not only accounts for 
both types of switching schemes, but also explains the interchange between 
bipolar and unipolar switching schemes. 
 
Figure 2.19: Schematic diagrams of the interface-modified RCB network composing 
of circuit breakers. Detailed switching rules for circuit breakers at the 
interface and bulk regions [45]. 
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2.6 Switching Parameters  
For the application of RRAM, a few requirements are needed as 
described in the ITRS 2010 roadmap in order for RRAM to complete with 
current FLASH memory [10]. As summarized in Table 2.1, some performance 
parameters at the device level for current FLASH and required in the emerging 
RRAM are tabulated for comparison. As the basic requirement for memory 
devices, the resistance ratio between ON and OFF states needs to be > 10 and 
the memory retention has to be more than 10 years. Current FLASH memory 
requires a voltage of >5 V for a speed of >10 µs to perform the WRITE 
operation. To compete with FLASH, RRAM is expected to WRITE within 
100ns at a voltage smaller than 5 V. In addition, cyclic endurance of >107 
cycles is expected as compared to 104-105 cycles in FLASH memory. Energy 
consumption is also an important factor. However, energy dissipation depends 










Table 2.1: Summary of performance parameters requirement for current FLASH 
memory and the requirements for emerging RRAM from ITRS 2010 [10]. 
Parameters Facts in FLASH Requirement for 
RRAM 
WRITE voltage >5V Approximately 1-5V 
WRITE speed >10µs <100ns 
Endurance 104-105 cycles >107 cycles 





Numerous studies have been carried out the performance and 
reliability characterization of RRAM on various material systems. The 
WRITE voltage, or usually referred to as the SET voltage (VSET), are reported 
over a wide range between 0.7 V to 4.5 V [3, 20, 21, 30, 31, 43, 70, 73-75, 81, 
83, 87, 88, 91, 93, 94, 96, 103-109]. Although satisfying the  voltage 
requirement, the instability (wide variation) in VSET is probably the biggest 
challenge in the RRAM application [11]. The RESET current (IRESET), which 
is believed to be directly related to the RESET energy (ERESET), has a wide 
variation from tens of µA to mA even for the same material system. An 
incredibly small IRESET of a few nA was observed by Ye et al. by imposing 
ICOMP of 1 nA in the SET process [88]. So far, the smallest ERESET  (2×10-13 J) is 
reported on NiO memory cell when cell dimension is reduced to 104  nm2 [83]. 
Reliability wise, the cyclic endurance is demonstrated to be ~106 cycles at 
37 
 
room temperature for transition metal oxide materials [20]. In other materials, 
cyclic endurance is generally from 102 to 5×103 cycles [43, 70, 73-75, 91, 105, 
108] with only a few below 102 cycles [92, 107]. Memory retention durations 
in most of the materials are between 103 to 107 s under room temperature [20, 
60, 73-75, 92, 105, 108, 109]. Higher temperature seems to degrade the 
memory retention time as reported in ref. [91]. The longest retention duration 
was demonstrated by Baek et al. for 8 months without the degradation of the 
ON/OFF resistance ratio [20]. It is easy to satisfy the requirement for the 
ON/OFF resistance ratio of 10. The ratio larger than 103 is constantly reported 
in ZrO2 [75, 93], HfO2 [104], AlxOy [91], NiO [21, 103], Y2O3 [109] and TiO2 
[3, 30, 31, 107]. The highest ON/OFF resistance ratio is observed on Ag-
ZnO:Mn-Pt structure, with value of 107, due to the formation and rupture of 
the Ag bridge [60]. The characterization of WRITE speed requires a pulsed 
voltage as the external stimulus. Based on limited number of works in the 
literature, the switching speed for the Ag bridge RRAM could reach as fast as 
5 ns [60]. HfO2 with a Ti buffer layer has been found to be able to switch 
within 5 ns [110]. Both the Al2O3 and NiO have been reported to switch 







Based on various studies on the resistive switching behaviour, a much 
clear picture for the understanding of switching principles and mechanisms is 
obtained. The compliance current in the forming and SET process is found to 
affect switching parameters, such as RON and IRESET, and unipolar/bipolar 
switching schemes for the RS behaviour. In the bipolar switching, where RS is 
dependent on the voltage polarity, the switching between ON and OFF states 
are realized by the connection and rupture of a metal conductive filament or 
by the collapse or restoration of the Schottky-like barrier at the interface of the 
metal electrode and insulator. In polarity independent unipolar switching, 
thermal effects are believed to dominate over other effects. The interface-
modified RCB model describes the formation of the filament and accounts for 
bipolar/unipolar switching and transition between these two switching 
schemes. So far, work on RRAM from the literature has demonstrated WRITE 
speed of 5 ns on Mn doped ZnO, cyclic endurance of 5×103 cycles on Al2O3, 
memory retention as long as 8 months for various binary metal oxides and 
ERESET as small as 2×10-13 J on NiO material.  
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CHAPTER 3 EXPERIMENTAL DETAILS 
3.1 Introduction 
To perform the electrical characterization of resistive switching (RS) 
behaviour in yttrium oxide (Y2O3) thin films and silver/silver sulfide 
(Ag/Ag2S) nanowires, metal-insulator-metal (MIM) test structures have to be 
fabricated. The test structures can be fabricated by using conventional 
methods, such as sputtering and atomic layer deposition, followed by the 
necessary annealing and evaporation processes. In this project, the fabrication 
of Y2O3 based MIM structures is achieved through sputtering and evaporation 
processes. A lot of effort has been devoted to obtain a reproducible and 
reliable MIM test structure for the silver/silver sulfide (Ag/Ag2S) hetero-
nanowire as this involves a two-step electrodeposition process in templated 
deposition. In addition to the fabrication, challenges also exist in the electrical 
characterization as the rough surface of Ag2S is not suitable for the top 
electrode fabrication and it could not be properly probed using the tungsten 
needles in the probe station setup.  In this chapter, the experimental details 
relating to both the fabrication and characterization processes of the MIM 
structures investigated for RS behaviour will be presented in section 3.2. In 
addition, some specialized methodologies, such as electrodeposition and 
scanning probe microscopy (SPM), will be discussed in section 3.3 for further 




3.2 Device Fabrication and Characterization 
For the thin film structure involving Y2O3, either a SiO2 (600 nm)/Si or 
a Pt (100 nm)/Ti/SiO2 substrate is used as the starting material for the MIM 
test structure fabrication. Before any further processing, these substrates are 
ultrasonically cleaned in acetone and IPA for 10 minutes (mins) each, 
followed by deionized (DI) water rinse. If aluminium (Al) is required as the 
bottom electrode, as in the case of the SiO2/Si substrate, Al is then thermally 
evaporated at a rate of ~0.1 nm/s onto the SiO2 surface using the Edwards 360 
thermal evaporator under a chamber pressure of 2 x 10-6  mBar. As what is 
commonly reported in the literature [84, 111, 112] for the deposition of metal 
oxide materials, Y2O3 thin film is deposited by sputtering using the Anelva 
L3325FH multi-target sputtering machine. Prior to deposition, the chamber is 
pumped down to a base pressure of 1 x 10-6  Torr. Subsequently, the chamber 
is filled with argon (Ar) gas at a flow rate of 30sccm and plasma is generated 
thereafter. Sputtering is carried out when the chamber pressure has stabilized 
at 0.3 kPa (~2.25 Torr). A Y2O3 target with a purity of 99.99% is used for the 
thin film deposition. The thickness of the thin film is determined by an 
ellipsometer, with the refractive index of Y2O3 fixed at 1.86.  
For the fabrication of the Ag/Ag2S heteronanowire structure, a self-
fabricated anodic aluminium oxide (AAO) mask, obtained by the well-
established two-step anodization process [113, 114], is used as a template for 
the nanowire formation. In the anodization process, 0.3M oxalic acid is used 
as the electrolyte, which gives a pore diameter of about 70 nm under an 
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anodization voltage of 40V.  A gold (Au) layer with a thickness of about 200 
nm is then sputtered on the backside of the AAO template to serve as an 
electrode contact. The fabrication of the heteronanowire array was carried out 
in a three-terminal electrochemical deposition cell at room temperature 
(~25°C) and this involves two electrochemical steps (i.e., electrodeposition 
followed by sulfurization) as described in refs. [19] and [56]. The pH values of 
the electrolytes used are adjusted by adding NaOH solution. Both the 
electrodeposition and sulfurization processes are controlled using a Gamry 
Series G300 PCI card-controlled Galvanostat through a personal computer. 
The working electrode is the back contact (Au film) of the AAO while the 
reference electrode is a standard silver/silver chloride (Ag/AgCl) electrode, 
with AgCl saturated potassium chloride (KCl) as the filling solution. The 
potential of this Ag/AgCl reference electrode at 25°C is about 0.223 V, with 
reference to the standard hydrogen electrode potential (0V at 25°C) [115]. The 
counter electrode is a 99.99% Pt foil. The Ag electrodeposition is carried out 
at a constant current density of 0.3 mA/cm2 while the subsequent sulfurization 
process is performed at a constant current density of 0.1 mA/cm2. The control 
thin film hetero-structure is fabricated using a similar setup except that the 
substrate used is an aluminium foil with a sputtered Au film (~200 nm thick) 
back contact. The current densities in both steps for the control structure 
fabrication are kept to similar values as those used in the nanowire array 
fabrication. The details of the two-step electrodeposition processes are 




Table 3.1: Summary of two-step electrodeposition details. 
      Process         Ag deposition Sulfurization 
Electrolyte 
ingredients 
AgNO3 (45 g/L) 
CH3COONH4 (77 g/L) 
NH3·H2O (32 mL/L) 
Na2S (0.01M) 
pH values  11 9 
Current density 
(mA/cm2) 0.3 0.1 




4OH- - 4e- = 2H2O+O2 
Cathode: 
Ag+ + e- = Ag 
Anode: 
2Ag+ HS- +OH- = Ag2S+H2O+2e- 
Cathode: 
2H2O + 2e- = 2OH-  + H2 
  
The fabrication of the Ag/Ag2S heteronanowire structure has been 
further confirmed using energy dispersion X-ray spectroscopy (EDX) and X-
ray diffraction characterization. The details of the characterization results will 
be presented in Chapter 6 under section 6.2. Since the Ag/Ag2S thin film 
control structure fabrication follows exactly the same method and conditions, 
except for the absence of the AAO template, we assume that the hetero-
structure formed in the thin film is also similar to that in the nanowire array, 
which is further verified from the electrical characterization. We have 
obtained information on the thickness of the Ag2S layer in the thin film 
structure from secondary ion mass spectrometry (SIMS) and scanning electron 
microscope (SEM) measurements and found this to be about 2.5 µm. To 
determine the length of the Ag2S portion in the nanowire array structure, we 
followed the analysis method demonstrated by Liang et al.[19, 56]. The Ag2S 
portion can be differentiated from the Ag portion in the nanowire array 
structure by observing a contrast difference under SEM imaging. Using the 
aforementioned method, the Ag2S portion of the nanowire is found to be 
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approximately 2.5 µm, which is in good agreement to the thickness of the 
Ag2S layer in the thin film structure for similar durations of electrodeposition 
and sulfurization and similar values of current density during electrodeposition. 
 
Figure 3.1: Schematic of the probe station setup used for I-V measurements on the 
Ag/Ag2S thin film structures. The setup is similar for Ag/Ag2S 
heteronanowire structure except there is only Au layer (without Al) between 
the Ag paste and Ag portion. 
To facilitate the electrical characterization, the Ag/Ag2S 
heteronanowire array embedded in AAO is attached to a rounded stainless 
steel plate using silver paste. The entire structure is then placed into 1% NaOH 
solution for 2 hours or longer duration until the AAO is etched away 
completely. For the Ag/Ag2S thin film control structure, the sample is attached 
to a stainless steel plate by Ag paste. Current-voltage (I-V) measurements are 
then carried out with the Cascade Microtech probe station, using a tungsten 
(W) probe and the Agilent 4156C semiconductor parameter analyzer, as 
illustrated schematically in Figure 3.1. In the I-V measurement, the 
sweeping/stress voltage is applied through the W probe to the Ag2S side while 
the Ag side is always grounded. A similar setup is also used to characterize the 
I-V properties of the Y2O3 thin film structure.  
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As the surface of the Ag/Ag2S heteronanowire array sample is very 
rough, the top electrode could not be properly fabricated using either 
sputtering or evaporation. Thus, the W probe (platinum (Pt) tip in the case of 
SPM I-V measurement) serves as the top electrode in the I-V measurement. In 
the probing process, the surface of the Ag/Ag2S sample cannot be observed 
very clearly through the probe-station microscope. Thus, after the W probe has 
been lowered to a distance of about a few hundreds of micrometers above the 
sample surface, a test I-V measurement is carried out using the parameter 
analyzer to check for contact. The voltage sweep applied is restricted from 0 V 
to -0.01 V to avoid any damage or changes to the nanowires. If the I-V curve 
obtained is similar to the characteristic of the background noise, the probe is 
further lowered slightly and the I-V measurement is repeated. This process is 
repeated until the signal obtained is no longer that of background noise, at 
which point a contact has been made by the probe on the Ag2S side of the 
hetero-structure. Only after that, a proper voltage sweep/stress is applied to 
obtain the bipolar switching behaviour. If the contact made is not good or 
reliable, the hetero-structure will not be switched successfully and the 
switching characteristics after forming will not be consistent. This will provide 
further check on whether a reliable contact has been made. 
Besides using the probe station, the I-V characteristic of the Ag/Ag2S 
hetero-nanowire structure is also characterized using the Digital Instruments 
Dimension 3000 SPM. The SPM is operated under contact atomic force 
microscopy (AFM) mode, where a Pt probe tip is brought into contact with the 
Ag2S surface while the Ag part of the sample is grounded. The I-V 
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characteristic is monitored by an external picoammeter/DC voltage source 
(HP4140B), which is connected to the Pt probe tip through a signal access 
module (SAM). After the successful engagement of the probe tip to the sample 
surface, a small scanning area of 1nm×1nm is defined in order to keep the 
probe tip at a stable location even during scanning. 
For the external voltage stimulus supplied either by the parameter 
analyzer or the DC voltage source, the obtained I-V characteristic has a time 
resolution of a few milliseconds. The time interval between two consecutive 
data points of measurement may be more than the switching time for RS to 
occur, and thus the RS may not be “captured” in the I-V characteristic. In 
order to obtain the finest information on the RS behaviour, a pulsed voltage is 
also used as an external source for characterization. With the help of a 
sampling oscilloscope and a sensing resistor, with known resistance value 
connected in series with the sample [116], the I-V behaviour of the device is 
obtained with a time resolution down to a few nanoseconds. The block 
diagram of the test setup is illustrated in Figure 3.2, where the pulsed voltage 
is supplied by the HP8114a 100V/2A pulse generator. The waveforms are 
captured by the Tektronix TDS 380 two-channel digital real-time oscilloscope 
which is capable of taking 2 Giga-samples per second. To limit the current 
through the device, a sensing resistor, with a resistance value (R) of about 925 
Ω, is added in series with the device.  The current through the circuit is easily 
calculated as (VR / R), whereby the voltage across the device is (Vtotal – VR). 
Vtotal  is the total voltage drop across the device and sensing resistor while VR is 
the voltage drop across the sensing resistor. By observing the current change 
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with voltage pulsing, one is able to identify the SET and RESET processes 
occurring in the device. Prior to the actual measurement, a calibration of the 
test setup has been performed. In the calibration, all the connections are kept 
exactly the same as in the actual measurement. Instead of using a sample in 
good condition, a resistive sample that has shown irreversible permanent 
breakdown of the Y2O3 thin film (short circuit) is used for the calibration. A 
pulse with 500 ns width is applied and the sampling interval is 5 ns. Since the 
device serves as a short circuit, the measured VR should match very well with 
Vtotal. However, we observe that there is always a ~40 ns delay of the obtained 
waveforms between Vtotal and VR, with the time lag or delay occurring in the 
latter. This system delay is believed to be due to parasitic capacitances arising 
from imperfect connections in the setup. In subsequent analysis to be 
presented in the later chapters of this dissertation, the two waveforms will be 
corrected for this time delay and aligned. 
 
Figure 3.2:  Block diagram illustrating the pulsed voltage testing circuit setup.  
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3.3 Specialized Methodology and Theory 
3.3.1  Electrodeposition 
Electrodeposition is a technique that is used to produce coatings, 
usually metal coatings from aqueous solution onto the designated substrate 
surface. Depending on whether a physical electrode (for the supply of external 
current/voltage) is needed to provide the source of electrons, the electrolysis 
can either be an electroless or electrolytic deposition process. As the name 
suggested, electroless deposition requires no external supply of current/voltage, 
whereas in electrolytic deposition, an external current/voltage source is 
required to sustain the electrochemical deposition process [117, 118]. In this 
section, only electrolytic deposition with a DC external source is described as 
this method is used in the fabrication of the Ag/Ag2S heteronanowire array 
structure.7 
           
          Figure 3.3: Main components of a DC electrolysis system. 
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As illustrated in Figure 3.3, a DC electrolysis system includes a few 
components, namely an external source, electrodes and the electrolyte. 
External voltage/current is applied through the two electrodes, the cathode and 
anode. Under the electrical field influence, positively charged metal ions drift 
towards and are deposited onto the cathode by obtaining electrons from it. The 
anode can either be sacrificial or permanent. A sacrificial anode is made from 
the same metal as that deposited on the cathode. The release of metal ions 
from the anode into the electrolyte solution replaces the metal ions being 
deposited onto the cathode. The permanent anode is usually made from a 
noble metal, which is resistant to oxidation.  
In modern electrochemical deposition, a three-terminal potentiostat or 
galvanostat, instead of a two-terminal electrolytic cell, is usually used for the 
deposition. In addition to the above mentioned two electrodes, a third 
electrode, known as the reference electrode (RE), is added to the system as it 
has a stable and known electrical potential to facilitate the control of the 
deposition potential (current) in the potentiostat (galvanostat). For the case of 
a potentiostat, the working principle can be explained by a simplified circuit 
schematic shown in Figure 3.4. The actual deposition occurs at the working 
electrode (WE) while the counter electrode (CE) is an auxiliary electrode for 
the completion of current flow. Initially, a source of current is provided to the 
system by the potentiostat. Since the RE has a stable potential only when the 
current through it is negligible, the internal resistance of a potentiostat needs 
to be in the range of Mega-ohms to Tera-ohms to limit the current. For 
constant voltage deposition, the potential difference between the WE and RE, 
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which is raised up from the RE potential level by adding a resistor RR in series 
with the RE, is monitored and compared with a pre-set value. The difference 
between the actual and pre-set value, which is the error signal, will be sent to 
an inverting operational amplifier (OPA) to produce a magnified inverting 
signal. A matching current is then fed into the CE to adjust the total current 
passing through the cell until the potential difference between the WE and RE 
is the same as the pre-set voltage value. Alternatively, the voltage at the WE 
can also be adjusted by the external voltage control. By doing this 
continuously during the deposition process, the potential at the WE is kept 
constant and equal to the pre-set value.  
                               
 
Figure 3.4: Simplified circuit diagram showing the working principle of a potentiostat. 
In terms of galvanostat deposition (see Figure 3.5), it is the current 
passing through the working electrode, instead of the voltage difference 
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between the WE and RE, that is to be monitored and adjusted. Unlike the 
potentiostat, the total current through the cell is controlled by only two 
electrodes, the WE and CE. The presence of the RE is only for the purpose of 
measuring the WE potential, if necessary. To achieve the current control, an 
extra resistor RR should be inserted between the WE and the original RE input 
to the OPA and the RE input is directly connected to the WE instead of the RE. 
The potential difference between the WE and RE inputs is given by the 
product of IC and RR, where IC is the total current through the cell. It should be 
noted that the RE is not contributing to the control of current, and the 
voltmeter between the WE and RE serves the purpose of measuring the WE 
potential only. The circuitry between the OPA and the CE is actually much 
more complicated than it is shown in the schematic of Figure 3.5. Basically, it 
involves at least two more amplifiers for the purpose of feeding the correct 
current into the CE, by comparing the detected OPA output with the desired 
value (could be easily calculated from the pre-set IC value).  The total current 
IC is then adjusted continuously until it is exactly the same as the pre-set value. 
Alternatively, IC could also be adjusted through the external voltage control by 
changing the potential at the WE input of the OPA. 
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Figure 3.5: Simplified circuit diagram showing the working principle of a galvanostat. 
In an ideal situation, the galvanostat (constant current) provides an 
indication of the deposition rate as the amount of charges passing through the 
system is equivalent to the amount of electrons obtained by the metal ions in 
the electrolyte in order to be deposited [118]. Thus, in our experiment, we use 
the galvanostat configuration, with constant current control, for the Ag 
deposition and sulfurization to fabricate the Ag/Ag2S heteronanowire array 
structure. 
3.3.2 Scanning Probe Microscopy  
Scanning probe microscopy (SPM) includes a family of techniques that 
provide measurement of surface topography and surface properties on the 
atomic scale. Since its invention in 1982, it has been widely used in research, 
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education and other scientific fields. In general, a SPM utilizes a sharp probe 
tip, which is attached to a cantilever, to scan over the specimen surface. In the 
early years, a conductive tip was utilized to measure the tunnelling current 
between the tip and the specimen surface and the technique was known as 
scanning tunnelling microscopy (STM). As the tunnelling current 
exponentially increases with the decrease in tip-specimen distance, even a tiny 
change of surface topography can be picked up by the STM. However, the 
technique is limited to conductive or semiconducting specimens only as the 
STM was not able to handle non-conductive specimens.  
The atomic force microscope (AFM) was then invented by Binnig, 
Quate, and Gerber in 1986 to overcome this major drawback of the STM so as 
to cope with non-conductive specimens [119]. The AFM probe is formed by a 
tip at the end of a cantilever which deflects in response to the atomic force 
between the tip and the sample surface as illustrated in Figure 3.6. When the 
tip is brought into the proximity of a specimen surface, Van der Waals forces 
between the tip and specimen surface lead to a deflection of the cantilever 
according to Hooke's law. By monitoring the deflection of the cantilever, 
surface information down to nanometer scale spatial resolution can be 
obtained. Today, most AFMs use a laser beam deflection system, introduced 
by Meyer and Amer [120], where a laser is reflected from the back of the 
reflective AFM cantilever onto a position-sensitive detector. As illustrated in 
Figure 3.7, a laser spot is shone onto the top surface of the cantilever and 
reflected onto a four-quadrant photodiode detector. The position of this 
reflected laser spot in the photodiode will provide information on the 
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deflection of the cantilever and thus the surface topography. As the probe tip 
scans across the sample surface, the vertical movement of the cantilever probe 
is controlled by an extremely precise positioning device made from piezo-
electric ceramics. The horizontal and vertical movement is also recorded by a 
computer and a three-dimensional image is generated to display the sample 
topographic information.  
 
Figure 3.6: (a) Schematic illustrating the AFM probe structure and (b) SEM image of 
a typical AFM probe tip mounted on a cantilever. 
 
 
Figure 3.7: Simplified schematic showing the setup for AFM. 
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An AFM can normally be operated in three modes, namely contact 
mode, tapping mode and non-contact mode. In contact mode operation, the 
probe tip is “pushed” by the piezo element to closely contact with the 
specimen surface. Generally, the majority of AFM techniques are operated in 
normal atmospheric ambience, or in liquids. Due to the close contact between 
the probe tip and specimen surface, water/gas vapour or static charges on the 
specimen surface generate extra forces to act on the tip. These can affect the 
measurement accuracy and also cause damage to the probe tip. In tapping 
mode operation, the cantilever taps the specimen surface while vibrating at its 
resonant frequency. Some delicate samples are best handled by tapping mode 
operation as it overcomes problems associated with friction, adhesion, 
electrostatic forces between the tip and sample and allows high resolution 
topographic imaging. In non-contact mode operation, as the probe tip is kept at 
around 50 to 150 Å above the sample surface, the Van der Waals force 
between the tip and specimen surface is substantially weaker compared to the 
previous two modes. The non-contact operational mode has advantages in 
characterizing soft and elastic specimens and the damage to the probe tip due 
to tip-sample contact is minimized. However, the substantially reduced force 
poses difficulty in obtaining detailed topographic information at a high spatial 
resolution. 
In addition to working as an imaging tool in the AFM mode to obtain 
the topographic information of the specimen, a SPM can also be configured to 
measure the electrostatic force and magnetic force, to profile the different 
doping regions, to directly measure the electric properties and to create certain 
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small features on the sample surface. All of these functionalities can be 
realized by varying the scanning probe tip or changing the system parameters.  
 
3.4 Summary 
In summary, the experimental details on the MIM device fabrication 
for both Y2O3 and Ag/Ag2S hetero-structures have been presented. The setup 
of three I-V characterization methods, namely probe station, SPM and pulsed 
voltage characterization are discussed. As in the Ag/Ag2S heteronanowire 
array fabrication, three-terminal electrodeposition is used to carry out the Ag 
deposition and sulfurization. The basic principle and theory of 
electrodeposition are presented in this chapter. In addition, besides using the 
standard probe station I-V measurement, the SPM technique is also utilized for 
high spatial resolution I-V characterization of the Ag/Ag2S hetero-nanowire 
structure. The working principle and basic operation modes of the AFM, 




CHAPTER 4 INVESTIGATION OF UNIPOLAR 
RESISTIVE SWITCHING (RS) BEHAVIOUR ON Y2O3 
THIN FILM STRUCTURE AND ELECTRODE 
MATERIAL DEPENDENCY 
4.1 Introduction 
Although a considerable amount of research has been carried out to 
investigate the resistive switching (RS) mechanism in metal oxide materials, 
the actual mechanism still requires more detailed investigation and 
clarification. Although it is believed that the conductive filament formed in 
some metal oxides are oxygen defect related [16, 93, 121] , metal defects also 
play a role in other oxide materials [85, 122]. To have a better understanding 
of the RS behaviour of metal oxide materials, the focus in this chapter is on 
one of the less explored transition metal oxides for RS, namely yttrium oxide 
(Y2O3). Based on the fact that there is a substantial amount of oxygen 
vacancies in the Y2O3 material (unpublished work), Y2O3 is believed to be one 
of the appropriate materials for further investigation. This chapter is organized 
as follows. Firstly, the current-voltage (I-V) characterization of the RS 
behaviour on Y2O3 thin film with a metal-insulator-metal (MIM) structure will 
be presented. Investigation of several parameters affecting the RS behaviour 
will be carried out. These parameters include the Y2O3 thin film thickness, 
electrode size (area) of the top electrode metal contact, post-deposition anneal, 
presence of an additional yttrium (Y) interlayer and the choice of electrode 
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materials. By analyzing the effects brought about by these parameters, it is 
concluded that the forming process, which is to generate the conductive 
filament in the pristine film, depends on the thickness of the thin film and to a 
certain extent also on the area of the electrode. By comparing the RS 
properties before and after annealing in oxygen ambience, it is found that 
oxygen vacancies are responsible for the conductive filament formation in our 
devices. Reduction in the RESET current (IRESET) is achievable by adding a Y 
layer to the structure. The effect shown by varying the electrode material 
suggests that repeatable RS is only observable if the electrode material is able 
to reduce Y2O3 and generate sufficient amount of oxygen vacancies to form 
the conductive filament.  
 
4.2 I-V Characterization 
As the Y2O3 thin film is prepared using the sputtering process, a well-
controlled film thickness can be achieved through a careful calibration of the 
sputtering rate. After a series of calibration runs by varying the sputtering 
duration, it is found that a 40 nm thickness of the Y2O3 thin film is 
appropriate for the RS I-V characterization. Unless mentioned otherwise, the 
RS properties shown henceforth are for devices with 40 nm-thick Y2O3 and 
the I-V characteristics are obtained using a probe station setup. In the 
measurement, the forming and SET processes are carried out by sweeping a 
voltage from 0 V to 20 V with a step of 0.04 V. To protect the device from 
failure caused by high current flow, a compliance current (Icomp) of 100 µA 
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is imposed and once the current through the device reaches this level, the 
voltage sweep is stopped. For the RESET process, the voltage is swept from 0 
V to 1 V (or larger if necessary) with a step of 0.015 V. Icomp of 100 mA is 
used to allow sufficient current flow for the RESET process to occur. The 
RESET voltage sweep is not interrupted even though the current compliance 
level is reached. Figure 4.1 shows the typical I-V characteristics for the 40 
nm-thick Y2O3 thin film device. To ensure that the RS is unipolar in nature, 
we have also triggered the RS using voltage bias with a negative polarity, 
keeping the same voltage magnitude and compliance current. It is found that 
the RS is independent of the bias polarity, which is typical of unipolar RS. 
Since the RS behavior is unipolar, only the I-V characteristics using positive 
bias is presented here.      
           
Figure 4.1: I-V characteristics of unipolar RS behaviour in the Al-Y2O3-Al structure 
with Y2O3 film thickness of 40 nm. Differences in forming and typical SET 
voltages are shown in the inset. During the forming or SET process, the 
voltage sweep is stopped when the current level reaches ICOMP of 10-4 A while 
for the RESET process, ICOMP is set at 0.1 A and the voltage sweep is not 
interrupted when ICOMP is reached. 
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 As shown in Figure 4.1, both the SET and RESET processes occur at a 
voltage bias of the same polarity. Initially the device is in the high resistance 
state (HRS) and when the voltage increases to 2.3 V (SET voltage), the current 
increases suddenly and the device is switched ON into the low resistance state 
(LRS). Another separate voltage sweep is applied from 0 V and the device is 
stable in the LRS as shown by the high current level. The device is switched 
from the LRS to HRS when the voltage reaches 0.4 V and this is denoted as 
the RESET voltage (VRESET). VRESET is always smaller than the SET voltage 
(VSET). By estimating the resistance for both the HRS and LRS, a typical 
ON/OFF resistance ratio RHRS/RLRS of >106 is observed here. This value is five 
orders of magnitude higher than the requirement for RRAM to compete with 
current FLASH memory [10, 11]. So far, the highest RHRS/RLRS we have 
observed in our devices reaches as high as 1010. As can be seen from the inset, 
a much larger voltage is required to switch the pristine device from the HRS to 
LRS in the very first forming process. After the initial forming process, VSET 
decreases from 7.7 V (the forming voltage) to 2.3 V.  This is because the 
forming process has to pre-condition the pristine film to form the conductive 
path and the RESET process is believed to break only certain portions of the 
conductive path to switch the device into the HRS. During the subsequent SET 
process, once the HRS portions (broken portions) of the preformed path are 
switched back to the LRS (broken portions are reformed) or conductive state, 
the device is switched ON again. Thus, a much smaller VSET is expected as 
compared to the forming voltage (VFORM). As also seen in the inset, the HRS 
current before SET occurs in the formed device (i.e., after the forming process) 
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is 4 to 5 orders of magnitude higher than that in the pristine device (of the 
order of 10-10 to 10-11 A). This further confirms that the forming process has 
changed the originally insulating thin film into a state with much lower 
resistance. 
 Due to the fact that Y2O3 is a less explored material, the RS 
phenomenon in Y2O3 has only been reported in a limited number of articles 
[109, 123].  In ref [123], the Y2O3 film is prepared by anodic oxidation of Y 
polished foil, and the switching mechanism is attributed to the electric-field 
induced metal-insulator transition between stoichiometric Y2O3 and oxygen 
vacancy rich Y2O3-x. Due to the substantial difference in preparing the Y2O3 
thin film, results obtained could not be compared to our wok directly. In ref. 
[109], a more complete study is reported by Pan et al.. Comparing the RS 
properties observed in our work and those reported in ref. [109], it is found 
that there is a difference in the switching scheme. A bipolar switching 
behaviour is reported in Pan et al.’s work while unipolar switching is found in 
our work as shown in Figure 4.1. The difference in the switching scheme 
could be a result of the difference in the Y2O3 film quality. A high density of 
defects (e.g., oxygen vacancies and metallic yttrium) is present in Pan et al.’s 
films, as evidenced by the forming-free RS behaviour and the XPS result. In 
addition, there is a structure asymmetry arising from the use of different 
materials (TaN and Ru) for the two electrodes. TaN forms an ohmic contact 
while Ru forms a Schottky contact with the Y2O3 film. Therefore, the SET 
process will collapse the Schottky barrier at the Ru-Y2O3 interface when the 
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structure is switched to a low resistance state. As reported in ref. [109], a 
voltage  less than 2 V is sufficient to collapse this barrier.  
The situation reported in our work is very different in that the Y2O3 
film is sputtered directly from a Y2O3 target and the resultant film is highly 
resistive in the pristine state, thus indicating a low concentration of defects. 
Unlike the asymmetric Ru-Y2O3-TaN structure, the Al-Y2O3-Al structure used 
in our study is symmetric, where both the contacts are Schottky or weakly 
Schottky due to the low work function of Al. For other structures used in our 
study, e.g., Al-Y2O3-Au and Al-Y2O3-Pt, although these are also asymmetric, 
the two contacts are both Schottky contacts with a difference in the barrier 
height. In the forming process, which is necessary to active the RS behaviour, 
in addition to collapsing the barriers at both interfaces, a more important 
function is to form a conductive filament in the Y2O3 bulk region due to the 
high resistance in the as-prepared (pristine) Y2O3 film. As a result, the critical 
point where the connection and disconnection (probably due to thermal effect) 
of the filament occurs is believed to be within the bulk region of the Y2O3 film. 
 As predicted by the interface modified RCB model [45], if the 
connection/disconnection of the conductive filament is at the interface region, 
bipolar RS will be observed. However, if the connection/disconnection is at 
the bulk region, unipolar RS will be observed. This could possibly explain the 
difference between the bipolar switching reported by Pan et al. and the 
unipolar switching observed in this work. Unipolar switching is a preferred 
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choice and of industrial interest, as a singular polarity of voltage bias is only 
required to realize the switching operation [10, 11]. 
 
4.3 Factors Affecting RS Behaviour 
The I-V behaviour presented in section 4.2 is based on the as-deposited 
Al-Y2O3-Al structure with a Y2O3 thin film thickness of 40 nm. In this section, 
the effect of changing the Y2O3 thin film thickness, electrode size, annealing 
condition, as well as modifying the device structure will be presented. 
4.3.1 Film Thickness and Electrode Size Dependency of the 
Forming Process 
As mentioned in the literature review, the forming process is necessary 
and crucial for repeated RS to be observable. Since the forming is related to 
the dielectric breakdown of the oxide film to generate the conductive path [16, 
111], the forming voltage is dependent on the thickness of the oxide film.  By 
varying the oxide film thickness, as well as the top electrode size (area), we 
can observe the dependency of the forming process on these two factors. 
Figure 4.2 shows VFORM as a function of oxide thickness. For each thickness, 
at least five measurements are taken. Generally, as the Y2O3 thin film 
thickness increases, an increase in VFORM is observable. The dependency of 
VFORM on the film thickness is related to the formation of the conductive 
filament in the film. In a thicker film, more “defects” have to be generated to 
form the filament, connecting the cathode and anode (across the film 
63 
 
thickness), and therefore a larger VFORM  is expected. A similar trend of VFORM 
is also reported in ref. [20] for NiO, TiO2, HfO2 and ZrO2. Following the 
forming process, a RESET voltage sweep is applied to the same device to 
verify that no permanent breakdown has occurred in the device. When the 
Y2O3 film thickness increases to 100 nm or greater, a voltage of 20 V to 40 V 
is required to switch the pristine device into the LRS. We also observe in some 
cases that after the forming process, it is not able to switch the device from the 
LRS back to the HRS if VFORM reaches above 45 V. This is because the high 
voltage applied in these cases induces permanent dielectric breakdown in the 
thin film.  
 
Figure 4.2: Plot of VFORM for the Al-Y2O3-Al structure with respect to Y2O3 thin film 
thickness. 
 
Unlike the dependency of the VFORM on the film thickness, the VSET and 
VRESET in Figure 4.3 (obtained on formed devices) seem to be independent of 
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the film thickness. The non-dependency of VSET  and VRESET on the film 
thickness is in agreement with the reported result in ref. [62]. Since VSET is 
extracted on “formed” devices, the conductive filament has already been 
established during the forming process. Hence, VSET   in subsequent cycles is 
only responsible for reconnecting the broken portions (induced during RESET) 
of the filament. As a result, VSET is not expected to be dependent on the film 
thickness. In the RESET process, only a small portion of the filament is 
required to be broken in order to lose the conductivity, and thus VRESET is also 
not expected to have a dependence on the film thickness. 
          
Figure 4.3: Plot of SET (black rectangles) and RESET voltage (red circles) with 
respect to Y2O3 thin film thickness. 
 
Besides varying the oxide thickness, the Al top electrode size (area) is 
also varied by utilizing a shadow mask with electrode patterns of different 
sizes. After the evaporation of top electrode, the size of the electrodes are 
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examined and measured under the Leica optical microscope. The optical 
image and corresponding estimated size/area of the different electrodes are 
shown in Figure 4.4. Electrode numbers “1” and “2” are designed to be of 
similar areas but slight variation of the size comes from the fabrication process. 
For electrode numbers “3” to “6”, it is observed that the electrode size 
increases in area. Based on the observation of the forming process on different 
top electrode sizes, we find there are two distinct groups. For the first group 
with electrode numbers “1” and “2” (the smallest size electrodes), the normal 
forming process is necessary for repeatable RS to be observed. For the second 
group with electrode numbers “3” to “6”, the pristine as-deposited devices are 
already in the LRS without any forming process applied. Meanwhile, if similar 
samples are subjected to furnace anneal at 450°C under atmospheric pressure 
with oxygen (O2) flow rate of 200 ccm, the forming situation is different from 
the as-deposited samples; the results are summarized in Table 4.1. O2 annealed 
samples with electrode numbers “1” and “2” require a large voltage to switch 
to the LRS. As mentioned previously, a large voltage causes the permanent 
breakdown of the thin film and no RS behaviour is observed from these 
devices. We denote this case as “permanent breakdown” in Table 4.1. For 
devices with electrode number “3”, a portion of the devices requires the 
normal forming process while the rest encounter permanent breakdown after 
forming. Normal forming is observed for devices with electrode numbers “4” 
and “5” while for electrode number “6”, all the devices are already in the LRS 
even before the forming process is carried out. Regardless of whether the 
sample is annealed or not, it is observed that there is a general trend in the 
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forming process. As the electrode size/number becomes larger, the forming of 
the device becomes easier. For devices with the same electrode size, annealing 
in O2 ambience causes the subsequent forming to occur at a higher voltage. As 
the forming process is related to the formation of the conductive path through 
the thin film, O2 anneal is believed to hinder the conductive path formation. 
This suggests that the filament origin in our Y2O3 thin film is possibly due to 
oxygen vacancies (VO2+), which is similar to that reported in other transition 
metal oxides [3, 124]. The size dependent forming process could be 
understood by the fact that the accumulation of sufficient VO2+ is necessary to 
form the conductive filament. If the size of the electrode is larger, more VO2+ 
is available from the entire dielectric volume under the electrode. Ye et al. has 
also discussed the electrode size dependency and it is found that a larger 
electrode area has a higher probability for the switching event to occur [88]. 
Except for the forming process, the VSET and VRESET for the following I-V 
sweeps are not electrode size dependent [20], as explained previously. 
            
Figure 4.4: Optical microscope image of the top electrode with different sizes. The 




Table 4.1: Summary of forming situations for as-deposited and O2 annealed samples 
with respect to electrode number with different size (see Figure 4.4 for 















3 Already ON Normal Forming 
Permanent 
breakdown 
4  Already ON  Normal Forming 
5  Already ON  Normal Forming 
6  Already ON  Already ON  
 
4.3.2 Oxygen Annealing Effect on the RS behaviour of Y2O3 
Thin Film Devices 
After sputtering of the Y2O3 thin film on the Al bottom electrode, some 
of the samples are subjected to an O2 anneal process in a three-zone furnace. 
The temperature of the furnace is ramped up from room temperature to 450°C 
in 30 mins, and it is maintained at 450°C for 1 hour. The furnace tube is firstly 
pumped down to evacuate air before O2 gas is flowed in at a rate of 200 sccm. 
The pressure of the furnace is adjusted to 1 atmosphere after 15 mins of O2 gas 
flow. After annealing, the samples are cooled down to near room temperature 




The effect of O2 anneal on the forming process has been summarized 
previously in Table 4.1. In addition, a decreased (tighter) distribution of the 
RESET voltage is observed from O2 annealed samples as compared to that of 
as-deposited samples. The RESET voltages for samples with electrode 
numbers from “3” to “6” are plotted in Figure 4.5. It should be mentioned that 
no RS is observed for O2 annealed samples with electrode numbers “1” and 
“2”. From Figure 4.5, it is observed that VRESET is independent of the electrode 
size. However when compared to the as-deposited sample, VRESET for O2 
annealed samples are below 0.6V for all the electrode sizes shown. The higher 
VRESET values seen in the as-deposited samples seem to be eliminated after the 
O2 anneal process. Relating this to the conductive filament, a decrease in 
VRESET is equivalent to a decrease in “strength” of the conductive filament path 
to subsequent disruption (breakage) during the RESET process. Since the 
annealing is carried out in O2 ambience, and if the conductive filament 
consists of oxygen vacancies (VO2+), the reduction in the filament strength 
could possibly be brought about by the elimination of VO2+ during the anneal. 
This is another indication that the filament origin in our Y2O3 thin film is 
possibly due to oxygen vacancies. 
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Figure 4.5: Plot of RESET
 
voltages with respect to electrode number/size for as-
deposited (left) and O2 annealed (right) samples. 
 
Interestingly, for the O2 annealed samples, some nanowire formation is 
observed on the Y2O3 surface after anneal and before the evaporation of the 
top electrode, which is not present for the as-deposited samples. Figure 4.6 
shows the SEM micrographs of the Y2O3 surface before and after the O2 
anneal. Generally, the nanowire has a length of tens of micrometers and a 
diameter of about 250 nm. The chemical composition of the nanowire is of 
interest as it may affect the RS behaviour of the annealed sample. To 
investigate this in detail, we carry out energy dispersive X-ray (EDX) 
elementary mapping on the O2 annealed sample and the mapping result is 
shown in Figure 4.7. Only the mapping result for Al-k peak is shown here 
because no obvious pattern could be recognized on other elemental peaks, e.g. 
O-k peak and Y-l peak. Due to the existence of oxygen atoms in the Y2O3 film, 
as well as residual oxygen in the SEM-EDX specimen chamber, it is not 
possible to conclude whether there is oxygen in the nanowire although it is not 
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shown by the elemental mapping result. We can see from Figure 4.7(b) that 
the pattern shown by the stronger Al-k signal matches very well with the 
nanowire shape in Figure 4.7(a). Thus, it is suspected that the nanowire 
formed after the O2 anneal is probably Al-based, either Al or AlxOy.  
       
Figure 4.6: SEM micrographs of Y2O3 thin film surface for (a) as-deposited and (b) 
O2 annealed samples. The nanowire in (b) has a typical length of tens of 
micrometers and a diameter of ~250 nm. 
    
Figure 4.7: (a) SEM micrograph of nanowires observed on the Y2O3 thin film 
surface for the O2 annealed samples. (b) EDX map of the Al-k peak on the 
same area as in (a).  
Regarding the formation of nanowires in our device after the O2 anneal, 
the Al atoms in the nanowire could possibly be contributed from the bottom 
Al electrode. The formation of the nanowires may be related to stress relief. 
71 
 
The thermal expansion coefficients of expansion for the substrate (SiO2 on Si) 
and the Al bottom electrode are different, with the latter being much larger 
(5.7×10-7 /°C for SiO2 and 23×10-6 /°C for Al). During the high temperature 
anneal process, compressive stresses will be built up in the Al layer. It has 
been reported in the literature that the growth of metal nanowires or whiskers 
can occur during heat treatment in order to relax the compressive stress that is 
built up in the metal layer [125, 126]. This can also occur when the surface of 
the metal layer is covered by a layer of oxide [127]. The inhomogeneous 
relaxation of compressive stress at weak spots can result in whisker growth 
through the oxide layer which could explain the observation of nanowire 
formation. However, the question as to whether the growth of nanowires in the 
O2 annealed samples causes changes in the RS behaviour as compared to the 
as-deposited samples (e.g., increased VFORM and reduced (tighter) distribution 
of VRESET) remains. 
Let us assume that the nanowire is purely Al. If that is the case, metal 
nanowires passing through the Y2O3 thin film will result in permanent 
conductive paths. These will shunt the current flow whenever there is an 
external voltage applied and the I-V characteristics should be resistive. This is 
contradictory to our experimental result that RS can still occur in samples 
where nanowires are present, and so we can almost eliminate the possibility 
that the nanowires are purely metallic Al. Bearing in mind that the nanowires 
are surrounded by the Y2O3 thin film and the annealing ambience is full of O2, 
it is reasonable to expect the Al can be oxidized to AlxOy. It should be noted 
that RS can occur in AlxOy type structures [74, 91, 128]. If the Al-based 
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nanowires are indeed AlxOy, there will be a need to determine whether the RS 
observed in our experiment results from the conductive path in the AlxOy 
nanowires or in the Y2O3 thin film. So far, the majority of RS behaviour 
reported in AlxOy is bipolar RS [74, 128], even though unipolar RS has also 
been observed [91]. In our experiment, we have never encountered a single 
case of bipolar RS. In addition, it is reported that the VFORM for AlxOy is 11 V 
for a 40 nm-thick film and <3.5 V for a 10 nm-thick film [74, 91]. Based on 
this, if the RS observed in our device is indeed from AlxOy, the conductive 
filament should be easily formed. Obviously, this is in contrary to our 
experimental result.  Therefore, the RS behaviour after the O2 anneal (with the 
presence of nanowires) is unlikely to be attributed to the AlxOy nanowires.  
It is also reported that with the controlled doping of some group-III 
metallic elements into an oxide film structure that shows RS behaviour, the 
variation of several RS parameters (including forming voltage, VSET and VRESET) 
can be reduced and a tighter distribution of these parameters is obtained [108, 
129]. As Al is one of the trivalent metals used in refs. [129] and [108], and the 
nanowires observed in our work is Al-based, we have also considered the 
possibility of Al doping brought about by the anneal process. However, the 
annealing temperature used in our experiment is 450°C in order to avoid the 
melting of the Al bottom electrode. This temperature is much lower than that 
of 600°C reported in ref. [129] for the activation of Al dopants. To ascertain if 
there is any change in chemical bonding after the O2 anneal process, XPS 
characterization on the as-deposited and annealed samples is also carried out. 
If the dopants are successfully activated, Al will bond with oxygen and we 
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should be able to observe the Al-O peak at a binding energy of 75.2 eV [91]. 
However, the Al-O peak is not observed in our O2 annealed samples, thus 
leading us to believe that the annealing temperature used in our experiment is 
not sufficient to activate the unintentional Al dopants that have diffused from 
the bottom Al electrode. Based on the previous consideration and discussion, 
we conclude that the reduced variation in VRESET observed in our O2 annealed 
sample is not likely due to the formation of Al-based nanowires.  
 
4.3.3 Effect of Adding a Yttrium (Y) Interlayer 
The effect of adding a thin layer of Y metal to the original Al-Y2O3-Al 
structure to form a Y-Y2O3 bilayer structure for the insulator layer is 
investigated.
 
The Al-Y-Y2O3-Al structure is fabricated by sputtering a 10 nm-
thick Y thin layer onto the Al bottom electrode, before depositing the 40 nm-
thick Y2O3 thin film; all these are performed without breaking the vacuum in 
the sputtering system. The I-V characteristic of the MIM structure with the 
Y-Y2O3 bilayer is investigated using the probe station setup; the voltage sweep 
conditions are kept exactly the same as that for characterizing the Al-Y2O3-Al 
structure. The majority of the Al-Y-Y2O3-Al devices show normal RS 
properties, similar to that observed in the Al-Y2O3-Al structure. It is interesting 
to note that 2 out of 20 devices (10%) show a very low RESET current (IRESET) 
in the RESET process, in the order of ~10-4 A, that is around two orders of 
magnitude smaller than the IRESET  obtained from the Al-Y2O3-Al structure. 
Although there is usually a higher on-state resistance (RON) accompanied with 
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the lower IRESET, the low IRESET could indicate a smaller energy consumption 
during the RESET process, and thus for the entire RS cycle. Figure 4.8 shows 
typical I-V curves for the Al-Y-Y2O3-Al devices with low IRESET. One can see 
that although the IRESET is reduced, the RHRS/RLRS ratio is not sacrificed due to 
the increase of RHRS. This Y-Y2O3 bilayer structure could therefore provide a 
new direction for the RRAM application with reduced energy consumption. 
To verify whether the above-mentioned effect is brought about by the 
Y layer, we have also fabricated Pt-Y-Y2O3-Al structures. RS with lower 
IRESET is also observed but with very low (~10%) yield (with regards to 
repeatable RS). So far, the mechanism of low IRESET in the Y-Y2O3 bilayer 
structure is not fully understood, and so the low (~10%) RS yield could not be 
improved yet. Based on the high RON, low IRESET and increased RHRS, we 
suspect that the addition of the Y interlayer prevents the formation of a 





Figure 4.8: Typical I-V characteristic showing low IRESET observed from the Al-Y-
Y2O3-Al structure. 
 
To further investigate the reason for the reduction of IRESET, the Al-Y-
Y2O3-Al structure was characterized with XPS and results are shown in Figure 
4.9. From the Al 2p XPS depth profile in Figure 4.9(b), the Al3+ peak is only 
detected after sputtering has been carried out for a duration of 820 s. There is 
also a corresponding change detected in the O 1s XPS depth profile shown in 
Figure. 4.9(d), where there is a change in the O 1s peak after a duration of 820 
s. This shows the possible presence of AlOx at the interface between the 
bottom Al electrode and Y2O3 film. However, it should be noted that Y has a 
higher tendency to extract O compared to Al, based on the Ellingham diagram 
[72, 130] which shows the free energy of oxide formation for different metals. 
Thus we believe that the AlOx is not formed by reaction between Al and Y2O3, 
especially when there is a Y interlayer, but is formed by surface oxidation 
before the deposition of Y2O3. This surface oxide is believed to be very thin 
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and does not contribute to the RS behaviour. In Figure 4.9(c), the XPS Y 3d 
depth profile shows no metallic Y peak which confirms the absence of 
metallic Y in the Al-Y-Y2O3-Al structure. This suggests that the thin Y layer 
has been fully oxidized and oxygen vacancies are therefore expected in the 
oxide film. It is believed that the reduction in IRESET is related to the oxygen 
vacancies generated in the Y2O3 layer. During the SET process, due to the 
presence of extra oxygen vacancies, a highly conductive path is easily 
established once the filament touches the anode. This thin filament is unlikely 
to become thicker because the electric field which is necessary to grow the 
filament is greatly weakened due to the lack of a highly resistive region. 
Conversely, in the case of the Al-Y2O3-Al structure, oxygen vacancies present 
in the oxide film is limited. As oxygen vacancies have to be accumulated at 
the filament formation region for the conductive filament to be established, the 
filament growth process is likely to be slower for Al-Y2O3-Al structure as 
compared to the Al-Y-Y2O3-Al structure. Before the final connection between 
the filament and anode, the electric field will assist further thickening of the 
filament, thus resulting in an overall thicker filament. As a result of the 
difference in the filament dimension, a higher resistance is thus expected for 
the filament in the Al-Y-Y2O3-Al structure, while a lower resistance is 
expected for the filament in the Al-Y2O3-Al structure. During the RESET 
process, the thinner filament in the Al-Y-Y2O3-Al structure is easily broken 
with a smaller IRESET, and leaving a larger non-conductive region or gap in the 




   
Figure 4.9: (a) Schematic showing the structure of prepared Al-Y-Y2O3-Al device 
based on XPS depth profile; XPS depth profile of (b) Al 2p peak; (c) Y 3d 
peak and (d) O 1s peak. 
 
4.4 Effect of Varying Electrode Materials  
As mentioned in some works that the type of electrode material affects 
the RS behaviour [75, 131] , we have also investigated this effect by varying 
the electrode material. Besides the normal Al-Y2O3-Al structure, two other 
types of structures are fabricated, namely Al-Y2O3-Au and Pt-Y2O3-Al. Based 
on the previous experience in the characterization of the Al-Y2O3-Al structure, 
similar conditions are used to obtain the electrical I-V characteristics for the 
other two structures.  The Al-Y2O3-Au structure is fabricated by evaporating 
Au as the top electrode while keeping Al as the bottom electrode on a SiO2/Si 
starting substrate. In this Al-Y2O3-Au structure, we observe a high VFORM, in 





occurs in this type of device structure. For the Pt-Y2O3-Al structure, 
commercially available Pt/Ti/SiO2/Si is used as the starting substrate with Pt 
as the bottom electrode and the Y2O3 thin film is directly sputtered onto it. 
After changing the bottom electrode from Al to Pt, the I-V characteristics 
observed is quite different. Firstly, VFORM is in the range from 12 V to 18 V for 
the Pt-Y2O3-Al structure, which is larger than that for the Al-Y2O3-Al 
structure. After the forming process, most of the Pt-Y2O3-Al devices remain 
permanently in the LRS. Secondly, during the forming process, the 
compliance current ICOMP has to be reduced by two orders of magnitude (10-6 
A) for the Pt-Y2O3-Al structure, which is lower than that used in the forming 
process for the Al-Y2O3-Al structure (10-4 A). The reduction in compliance 
current for the forming process results in a larger number of the Pt-Y2O3-Al 
devices surviving after forming so as to be able to switch back to the HRS 
during the subsequent RESET process. After the forming process on the Pt-
Y2O3-Al structure, one has to adjust (increase) ICOMP back to 10-4 A, or the 
device could not be maintained in the LRS after the removal of the SET 
voltage VSET. Thirdly, the distribution of the VSET  in the Pt-Y2O3-Al structure 
is large (wide) and the highest VSET value reaches more than 12 V, which is 
almost comparable to the forming voltage. Fourthly, the RESET voltage 
(VRESET ) in the Pt-Y2O3-Al structure is generally larger than 1 V, which is 3 to 
4 times that of the typical VRESET  value in the Al-Y2O3-Al structure. Fifthly, 
the cyclic endurance (i.e., SET-RESET cycling) of the Pt-Y2O3-Al devices is 
poor, lasting for only a few switching cycles. 
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 The increased (wider) VSET distribution in the Pt-Y2O3-Al structure 
could be related to the reduced ICOMP during the forming process. As the ICOMP 
is reduced, it is possible that a dominant conductive path may not be formed 
properly across the Y2O3 film thickness. Instead, multiple weaker conductive 
paths could be present, with similar probability of forming the conductive 
filament during the following SET process. As a result, the SET process does 
not cause conduction through one dominant path/filament and the distribution 
of VSET is therefore expected to be large (wide). If the filament is formed at a 
high voltage, the current through it suddenly jumps to a very large value at the 
moment when the structure is switched ON. Although there is a limiting 
current compliance, the sweeping voltage is not stopped immediately as the 
response time for the parameter analyzer is greater than a few milliseconds. 
Therefore, a “stronger” filament could be formed and it is therefore reasonable 
for the following VRESET to be high. According to our observation, a higher 
VRESET usually results in a higher RHRS, and this will in turn cause the 
subsequent SET process to be more difficult. This could be a possible reason 
as to why the number of switching cycles that the device can withstand (i.e., 
cyclic endurance) is very limited. 
Since one of the electrodes is always Al in the three types of structures 
mentioned above, the only difference is the other electrode. Any difference 
observed in the RS behaviour could be attributed to the electrode with varying 
material and/or its interface with Y2O3. Let us focus on the difference 
observed in the forming process for the three types of structures, as the 
forming process is crucial to the RS properties. In the Al-Y2O3-Al structure, 
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VFORM  is less than 10 V and no permanent dielectric breakdown of the device 
is ever observed. In the Pt-Y2O3-Al, VFORM is larger (from 12 V to 18 V) and a 
large number of the devices encounter permanent dielectric breakdown. In the 
Al-Y2O3-Au structure, VFORM is larger than 16 V and not a single device 
survives from the forming process. As discussed previously, the conductive 
filament in the Y2O3 thin film is likely to consist of VO2+. The forming process 
is to precondition and “generate” sufficient VO2+ throughout the thickness of 
the film to form the conductive filamentary path linking the two electrodes. 
A recent article by Yang et al. [72] reported that the key factor that 
affects the barrier at the metal electrode-dielectric interface is the amount of 
VO2+ rather than the work function at the interface. The Ellingham diagram 
showing the free energy for the formation of various oxides versus 
temperature can be used to qualitatively predict the relative ease of generating 
VO2+ [72]. In general, VO2+ are generated in the metal oxide (BxOy) when a 
metal (A) is brought into contact with the oxide and reacts with it to form 
AxOy, provided that the formation energy for AxOy is lower than that for BxOy. 
However, it is found that even Pt, which is considered as a noble metal and for 
which the formation energy for PtO2 is much higher than that for TiO2, could 
generate VO2+ when it comes into contact with TiO2 because it is not necessary 
to reduce TiO2 completely to Ti metal; partial reduction to its sub-oxide TiO2-x 
will suffice. Hence, when the formation of AxOy is not energetically preferred, 
it is not fully hindered and a smaller oxide formation energy difference in the 
Ellingham diagram could facilitate the generation of VO2+. In the case of Y2O3, 
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we can also analyze the effect of varying electrode material using the 
Ellingham diagram shown in Figure 4.9 [72, 130, 132].  
 
Figure 4.10: Ellingham diagram showing the free energy of formation of metal oxides, 
including  Al, Ti, Cr, Y, W, Ni, Pt, Ag and Au, versus temperature. Data are 
obtained from refs. [72, 130, 132]. 
As shown in Figure 4.9, the formation energy for Al2O3 is above that 
for Y2O3. However, due to the relatively small difference in formation energy 
between Al2O3 and Y2O3, a substantial amount of VO2+ is expected to be 
created near the Al-Y2O3 interface. Although the energy level for both Pt and 
Au to form its oxide is much higher than that for Y to be fully oxidized to 
Y2O3, the energy difference is greatly reduced if Y2O3 is only reduced to its 
sub-oxide instead of Y metal. Thus for Pt and Au, there is still a probability 
for these metals to reduce Y2O3 to its sub-oxide and create a certain amount of 
VO2+. According to the Ellingham diagram shown in Figure 4.9, when in 
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contact with Y2O3, Al generates the largest amount of VO2+, followed by Pt 
and then Au. In the forming process under an external voltage sweep, the 
generation of VO2+ could be assisted by the electrical field. If the amount of 
VO2+ generated by one Al electrode is not sufficient to form the conductive 
filament in the film, VFORM depends on the ability of generating VO2+ at/near 
the other electrode interface. Due to Au having the weakest ability to reduce 
Y2O3 and generate VO2+, devices with Au electrode requires the largest voltage 
(VFORM) to generate sufficient amount of VO2+ to form the conductive filament. 
The magnitude of VFORM decreases for the case of Pt and even more for the 
case of Al.  
Till now, we have explained the difference in VFORM for the MIM 
structures by varying electrode materials. To understand why there is 
permanent dielectric breakdown for devices with Au and Pt electrodes under 
the “protection” of the compliance current limit, we need to understand the 
working principle for current limiting and the response time for the 
semiconductor parameter analyzer (SPA) used in the measurement. As 
specified in the user manual of the HP4156C SPA, when the measured current 
is at the ICOMP level, the voltage sweeping source is switched to a current 
source to maintain the total current according to the  specified ICOMP. It is also 
stated that the smallest time interval for two consecutive measurements is a 
few milliseconds. This means that the SPA is not able to record any I-V data 
that is within this time interval. In fact, it has been reported that when the 
device is switched suddenly from the HRS to the LRS, the sudden discharge 
from the device induces the current glitch (IOVERSHOOT) to above ICOMP in the 
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nanosecond time scale [39, 40]. Consequently, IOVERSHOOT passes through the 
device without any limitation and IOVERSHOOT increases with VFORM. The 
instantaneous power, given by the product of IOVERSHOOT and VFORM generates a 
huge amount of heat in the device and causes the permanent dielectric 
breakdown [39]. We believe that this explains why not a single device could 
exhibit RS after the forming process for devices with Au as one of the 
electrode (VFORM > 16 V). As the VFORM is reduced in the case of the structure 
with Pt electrode, RS is observed in a certain number of the devices. In the 
case of the structure with Al electrode, VFORM is largely reduced and no 












In this chapter, the unipolar RS I-V behaviour observed from the Y2O3 
thin film structure is presented. It is found that VSET and VRESET are typically 
2.3 V and 0.4 V respectively, and the ON/OFF resistance ratio is greater than 
106. The VFORM is dependent on both the oxide film thickness and the electrode 
size. By annealing the device in O2 ambience, the high VRESET values in as-
deposited samples are eliminated and VFORM increases. We therefore believe 
that the conductive filament is formed from oxygen vacancies, VO2+. A 
Y-Y2O3 bilayer structure helps in the reduction of IRESET and this provides 
insight into reducing the total switching energy consumption for the RRAM 
application. By comparing the RS behaviour for MIM structures with varying 
electrode materials, we conclude that repeatable RS could only be observed by 
having a reasonably small VFORM; otherwise permanent dielectric breakdown 
could occur due to the large power dissipated when the device is switched 









CHAPTER 5 PERFORMANCE EVALUATION AND   
RELIABILITY CHARACTERIZATION OF Y2O3 THIN 
FILM STRUCTURES FOR RESISTIVE SWITCHING  
5.1 Introduction 
In the previous chapter, the resistive switching (RS) behaviour of the 
yttrium oxide (Y2O3) thin film metal-insulator-metal (MIM) structure is 
presented and discussed. To assess its application for RRAM, it is necessary to 
characterize the performance and reliability of the device structure. In this 
chapter, the cyclic endurance and memory retention test results of the Y2O3 
thin film structure will be presented in section 5.2. The energy required to 
switch OFF the device (RESET energy), using a sweep voltage supplied by a 
semiconductor parameter analyzer, will be estimated in section 5.3 based on 
the obtained VRESET and IRESET values. The transient behaviour during the SET 
and RESET processes, down to nanoseconds time scale and characterized by 
pulsed voltage waveforms, will be presented as well. Further to the previous 
rough estimation of the RESET energy, a more accurate estimation will be 
provided using pulsed voltage waveforms, which gives the RESET energy in 
the order of 10-9 J.  Last but not least, the RS parameters obtained from the 
Y2O3 thin film structure in this work will be compared with that reported for 
other major RRAM candidate materials. It will be shown that Y2O3 is a 




5.2 Reliability Characterization  
The ON-OFF cycling test is carried out for the Al-Y2O3-Al MIM 
structure to obtain its cyclic endurance characteristics. In this test, the device is 
switched ON and OFF repeatedly using the same setup and sweeping 
conditions as described in section 4.2 of Chapter 4. Typically, the I-V 
behaviour is repeatable for more than 100 switching cycles although some 
devices could only sustain endurance cycling for a few tens of switching 
cycles. For all cases of endurance cycling failure, the RS hysteresis disappears 
with the device ending in the LRS finally and not being able to be switched 
back to the HRS. The failure is due to the deterioration of the dielectric thin 
film after a number of switching cycles as irreversible changes are induced. 
The extracted VSET and VRESET values for each switching cycle in the test are 
plotted with respect to the number of switching cycles in Figure 5.1. Since 
VFORM in this device is significantly larger than VSET, VFORM is not included in 
the plot. It can be seen from Figure 5.1 that the variation of the VSET and VRESET 
parameters is within a reasonable range for at least 100 switching cycles. In 
the last few switching cycles, both the VSET and VRESET increase significantly. 
Based on the obtained VSET and VRESET values for the first 100 cycles, the 
average VSET is estimated to be 2.72 V with a standard deviation value of 
±0.57 V while the average VRESET is 0.36 V with a standard deviation of 
±0.094 V.  
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Figure 5.1: Scatter plot of SET and RESET voltages with respect to the number of 
SET/RESET cycles obtained on the Al-Y2O3(40 nm)-Al MIM structure using 
a probe station setup. 
 
In addition to the cyclic endurance test, memory retention tests for both 
the LRS and HRS are also carried out. The Y2O3 thin film device is pre-set 
into either the LRS or HRS, using a sweeping voltage, and the current at each 
state is obtained by supplying a small READ voltage so as not to disturb the 
existing state of the device. Since the RS behaviour is unipolar (symmetric), 
we use +0.1 V as the READ voltage for both the LRS and HRS. As seen from 
the values of the average VSET  and VRESET  in the previous paragraph, this 
selection of the READ voltage value is appropriate as it will not modify 
(disturb) the current status of the device. The memory retention test is carried 
out at two different temperatures, namely room temperature (23°C) and 85°C. 
The elevated temperature is realized by heating up the probe station metal 
chuck using a Temptronic temperature controller. A waiting time of at least 20 
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mins is ensured before the actual test is initiated to make sure that the device, 
directly placed on and in contact with the metal chuck, has reached steady 
state at the designated temperature. The reading time interval is programmed 
such that this increases from 10n s to 10n+1 s after taking 10 readings with a 
starting “n” value of zero (equivalent to a starting reading interval of 1 s). The 
failure criterion for this test is when the resistance ratio between the HRS and 
LRS is below 10, as required in the ITRS 2010 roadmap for RRAM to 
compete with FLASH memory [10, 11]. Figures 5.2 and 5.3 show the test 
results carried out under a temperature of 23°C and 85°C, respectively. To 
protect the device, the compliance current (ICOMP) is set at 10-4 A for reading 
the LRS current. The LRS current shown in Figures 5.2 and 5.3 are observed 
to be at 10-4 A (or 10-1  mA) because of the ICOMP set. In fact, the actual current 
in the LRS is a few milliamperes at a READ voltage of +0.1 V.   
             
Figure 5.2: Scatter plot of measured current in the LRS and HRS as a function of time 
duration in the memory retention test for the Y2O3 thin film structure at room 
temperature (T = 23°C). The READ voltage for both LRS and HRS is +0.1V. 
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Figure 5.3: Scatter plot of measured current in the LRS and HRS as a function of time 
duration in the memory retention test for the Y2O3 thin film structure at T = 
85°C. The READ voltage for both LRS and HRS is +0.1 V. 
 
For the memory retention test at room temperature, a retention duration 
of ~106 s is observed as shown in Figure 5.2. The HRS current is quite stable 
and less than 10-10 A, giving a RHRS/RLRS ratio of >106, based on the current 
levels in the figure. Considering the higher actual LRS current (lower actual 
RLRS) if the current compliance is removed, a higher RHRS/RLRS ratio of >107 is 
obtained. This value is higher than most of the RHRS/RLRS ratio values reported 
for other RRAM candidate materials [3, 21, 30, 31, 43, 70, 73, 81, 83, 94, 96, 
107].  In the memory retention test at room temperature, failure occurs 
between the time duration of 9×105 s and 1×106 s, as observed by the sudden 
jump of the HRS current to the LRS current level. For the test carried out at an 
elevated temperature of 85°C, the HRS current varies between 10-10 A and 10-8 
A as shown in Figure 5.3. This results in a RHRS/RLRS ratio of >104, which is 
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two orders of magnitude smaller as compared to that obtained under room 
temperature. At an elevated temperature of 85°C, not only is the resistance 
ratio smaller, it is also observed that failure occurs much earlier between time 
duration of 9×103 s and 1×104 s. The failure here is also due to the increase of 
the HRS current to the LRS current level. In addition, a similar memory 
retention test is also carried out at 50°C (not shown). At 50°C, the two 
memory states could be retained for more than 104 s and the HRS current is 
slightly above 10-10 A. The results therefore indicate that a higher operating 
temperature reduces the RHRS/RLRS ratio as well as the memory retention 
duration.  
 
5.3 RESET Energy Characterization 
The amount of energy consumed in a complete SET/RESET cycle is of 
great interest in the application of RRAM, as one of the potential advantages 
of RRAM is the low energy consumption. As the SET process occurs 
suddenly and the current level before SET occurs is of the order of <10-10 A, 
the energy consumed during the SET process is negligible compared to that 
during the RESET process. Thus, we focus only on the RESET energy 
characterization as this is almost equivalent to the total energy consumed in a 
complete switching cycle. To begin, the I-V curve during the RESET process 
is illustrated schematically in Figure 5.4.  
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Figure 5.4: Schematic illustration of a typical RESET I-V curve in linear scale.  
 
The VRESET and the corresponding current (IRESET) can be extracted 
from the I-V curve. In most situations, the slope of the I-V curve before 
RESET occurs is constant and equal to the inverse of the ON-state resistance 
(RON). Since the calculation of energy involves the time parameter ( t ), the 
sweep voltage ( V ) and  t  can be linked by a constant ramp rate ( B ) as 
described in Eq. (5.1) as follows:  
 tBV ⋅=          and    RESETRESET tBV ⋅=       (5.1) 
The ramp rate for the sweep voltage delivered by the parameter 
analyzer is estimated to be 0.5 V/s. The instantaneous power (Pi) on the 
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The RESET energy (ERESET) is calculated by integrating Pi over t from 
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In Eq. (5.4), both RON  and IRESET  are variables while ERESET  is the 
quantity of interest. We have to determine whether ERESET is a constant or a 
varying quantity. If ERESET is a constant, the plot of log10(RON) versus 
log10(IRESET) will give a straight line with slope of -1.5. Otherwise, a straight 
line profile will not be observed. To investigate this, log10(RON) versus 
log10(IRESET) is plotted based on about 100 sets of RON and IRESET  values from 
our experiment as shown in Figure 5.5. The selection of the experimental data 
points is not only from the Al-Y2O3-Al structure but also from other structures 
fabricated (i.e., Al-Y-Y2O3-Al and Pt-Y2O3-Al) as long as repeatable RS is 
observed. Data from the initial forming process is excluded as this does not 
represent the typical switching operation. As seen from Figure 5.5, the data 
points fit a roughly straight line pattern. By performing a least square linear fit 
of the data, the fitted line has a slope very close to -1.5 as shown in Figure 5.5, 
thus matching the theoretical slope as expected from Eq. (5.4). The straight 
line fit suggests the possibility of a constant ERESET. By calculating the ERESET 
according to Eq. (5.3), the statistical analysis of the ERESET is presented in 
Figure 5.6. The mean value of the experimental ERESET is at 7.65×10-4 J. This 
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value is much larger compared to those reported in the literature for other 
materials. Nevertheless, this value serves as the upper-bound of the ERESET in 
this material system and further (more accurate) characterization will be 
carried out and shown in section 5.4. As indicated in the cumulative 
probability graph in Figure 5.6, approximately 80% of the ERESET values are 
below 0.5 mJ. In reality, the experimental ERESET values are not strictly 
constant due to the variation in the initial conditions for different measurement 
points as well as experimental errors. However, the study and analysis of 
ERESET provide insight for further understanding of the RESET mechanism. If 
only one single type of M-Y2O3-M (where M is the metal) structure is used for 
the ERESET extraction, a more converged ERESET (i.e., lesser device-to-device 
variation in ERESET) is observed as shown in Figure 5.5. 
           
Figure 5.5: Scatter plot of log10(RON) versus log10(IRESET) with least square linear fit 
(blue colour line) of the data from Al-Y2O3-Al,  Al-Y-Y2O3-Al and Pt-Y2O3-




       
Figure 5.6: Statistical histogram and corresponding cumulative probability of ERESET 
based on the experimental data. 
 
5.4 Transient Behaviour of SET/RESET under Pulsed Voltage 
Due to the incapability of the parameter analyzer to retrieve I-V 
information down to nanoseconds time scale, further I-V measurement is 
carried out using a pulsed voltage waveform as the external source with the 
setup configured as described in section 3.2 of Chapter 3. Figures 5.7 and 5.8 
show the transient current responses for the SET and RESET processes 
respectively when a voltage pulse is used to SET and RESET the Y2O3 thin 
film structure. The pulse is selected with an amplitude of +8 V/+10 V and 
width of 500 ns/10 µs for the SET/RESET process. As Y2O3 shows unipolar 
(symmetric) RS, we encounter some difficulty to separate the RESET 
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followed by the SET in the pulse period designated for the SET process only. 
In the probe station measurement setup, the RESET is prevented from 
occurring by the low current compliance (10-4 A) during the SET process. 
However in the pulsed voltage setup, the pulse voltage delivered to the device-
under-test (DUT) cannot be interrupted even when the current level is higher 
than the ICOMP specified. The only way to impose ICOMP effectively is to 
increase the sensing resistance (R) value (see Figure 3.2 in Chapter 3). 
Increasing R decreases the maximum current flowing through the DUT and 
makes it more difficult for RESET to occur. Although this can be used to 
prevent RESET occurring directly after the SET process, it also affects the 
RESET in the designated RESET process unless R is changed back to the 
lower value before the RESET pulse is applied. Due to the complexity of the 
circuit and the inconvenience of changing the sensing resistance, this method 
is not adopted. Instead, we shorten the pulse width to 500 ns and use a pulse 
amplitude of 8 V in the SET process as the RESET process require a certain 
amount of energy to trigger. Due to the sudden resistance change of the DUT 
when SET occurs, the stability of the applied voltage pulse is slightly affected 
and this is a common observation for the waveforms in the SET process. 
From Figure 5.7, it can be seen that the actual applied pulse amplitude 
for SET is slightly smaller than +8 V. This is an effect of the narrow pulse 
width and is more severe if the pulse width is smaller than 500 ns. The actual 
response duration (i.e., from the rising edge of the applied voltage pulse to the 
rising edge of the current response) of the SET process under the voltage 
amplitude of +8 V is 10 ns. This is obtained by subtracting the 40 ns system 
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delay from the observed response duration of 50 ns. This is the smallest SET 
response duration observed from the Al-Y2O3-Al structure in our experiments 
although most of the SET response duration ranges from tens to hundreds of 
nanoseconds. Comparing the response duration with the requirement for 
RRAM to switch under 10 V with a WRITE speed of <100 ns [10], our work 
demonstrates the possibility of switching the Al-Y2O3-Al structure at <8 V 
with a WRITE speed of 10 ns, which is 10 times faster than required. In 
Figure 5.7, the current through the DUT remains at a high level after SET 
occurs, showing the ON state of the DUT.  The current only goes back to a 
low level, with a delay of 40 ns, after the external voltage pulse ceases. The 
behaviour shown in Figure 5.7 is typical for the SET process only and the 
prevention of RESET occurring is achieved. 
          
Figure 5.7: Transient current response for the SET process of the Y2O3 thin film 
structure characterized by a voltage pulse with amplitude of +8 V and width 




Figure 5.8: (a) Transient current response for the RESET process of the Y2O3 thin 
film structure characterized by a voltage pulse with amplitude of +10 V and 
width of 10 µs. (b) Plot of RESET power as a function of time, giving a 
RESET energy (ERESET = 2.027 x 10-8 J) by integrating the area under the 
curve. (Measurement is carried out on electrode with size of  ~7800µm2.) 
Figure 5.8 shows the transient current response for the RESET process 
on the Y2O3 thin film structure as DUT. Figure 5.8(a) is obtained on the DUT 
that has been pre-set to the ON-state. As the DUT in the ON-state acts as a 
near short circuit, the current response follows the voltage pulse before 
RESET occurs. When the current reaches 11.5 mA, RESET occurs, which is 
shown by the decrease in the current in Figure 5.8(a). The resistance of the 
DUT gradually builds up during RESET until the current flowing through it 
finally reaches the noise level. To obtain the RESET energy of the DUT, the 
instantaneous RESET power (which is the product of current and voltage 
across the DUT) is plotted as shown in Figure 5.8(b). The integration of the 
area under the RESET power curve in Figure 5.8(b) gives ERESET of 2.027×10-8 
J; with ERESET of about 10-8 J  being a typical value obtained for the majority of 
the DUTs tested. The smallest ERESET value obtained is 4.86×10-9 J. This is 
about 3 orders of magnitude larger than required (order of pJ) in the ITRS 
roadmap specifications [10]. Based on the findings reported by Lee et al. [83], 
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the ERESET obtained on nickel oxide (NiO) is of the order of 10-9 J for an 
electrode size similar to that used in our experiment. It is also known that 
ERESET decreases when the size of the electrode is reduced. If the electrode size 
is reduced to a value below 1 µm2, ERESET could be reduced to the pJ level. 
According to our observation, the time duration for the DUT to RESET 
completely is typically around 1 to 2 µs. If the current corresponding to the 
starting point of RESET is reduced by 2 to 3 mA, the total ERESET will be 
reduced by almost one order of magnitude. Recalling the I-V behaviour 
reported in Chapter 4 for devices with the Y-interlayer, the IRESET is possibly 
reduced to the order of 10-4 A. Although ERESET on the Y-interlayer structures 
has not being characterized by the pulsed voltage method due to the low RS 
yield of obtaining such structures, we believe the ERESET could be reduced to 
the pJ level either by the adoption of a low IRESET device structure or by 
reducing the electrode size (area), or by both approaches. 
 
5.5 Technological Comparison of RS Parameters of Y2O3 Thin 
Film with Other Oxide Materials 
As presented in Chapter 4 and the previous sections in this chapter, we 
have discussed the RS behaviour and reliability characterization of Y2O3 thin 
film structures. In this section, we compare the RS properties obtained in our 
experiment on Y2O3 thin film structures with some candidate binary oxide 
materials for RRAM applications reported by other groups in the literature. 
The properties we are looking at are the key parameters determining whether 
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RRAM is able to compete with FLASH memory as the next generation non-
volatile memory technology. Based on the discussion in refs. [10] and [11], we 
summarize those parameters reported for various materials and plot them in 
Figures 5.9 to 5.11 [3, 20, 21, 30, 31, 36, 43, 70, 73-75, 81, 83, 91-94, 96, 
103-108]. Figure 5.9 shows the plot of RESET current (IRESET) versus the SET 
current (ISET) for TiO2, ZrO2, HfO2, NiO and Al2O3 from the literature in 
comparison with Y2O3 in this work  For TiO2, ZrO2, HfO2 and Al2O3, the ISET 
and IRESET  are generally above 1 mA and 10 mA, respectively. The high 
current level is directly related to the high energy consumption for each 
switching cycle.  NiO gives a much lower IRESET in the range from 0.1 mA to a 
few mA typically. Due to variation in the fabrication method, ISET observed for 
NiO varies from 0.1 mA to 20 mA. The ISET obtained in our work from the 
Y2O3 thin film, limited by ICOMP  of 0.1 mA, is the smallest among the listed 
oxide materials. In fact, this value could be further reduced as we do observe 
repeatable RS when the current compliance is set to 0.05 mA. This indicates 
that even 0.05 mA is sufficient for our device to be switched to the LRS, and 
the device stays in the LRS even after the removal of the external voltage. 
Since the RS is not studied systematically when the current compliance is 0.05 
mA, the result obtained for the SET process at this lower current compliance 
level is not included here. Regarding the IRESET, the majority of the IRESET for 
the Y2O3 thin film structures is in the range from 1 mA to 10 mA. This IRESET 
gives a ERESET of the order of nJ under pulsed voltage characterization. IRESET  
less than 1 mA is only achievable by adding a thin (~10 nm) Y interlayer to 
form a Y-Y2O3 bilayer structure. Although currently the yield of obtaining a 
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low IRESET  (<1 mA) is low, it could be substantially improved by further 
understanding of the switching mechanism as well as by better experimental 
control during the device fabrication. As a result, it is possible that ERESET  
could be reduced to the pJ level to meet the technology requirement. In the 
literature, the number of studies which properly characterized the ERESET using 
pulsed voltage waveform is limited, while the rest focuses mainly on the 
investigation of the switching mechanism. ERESET  for NiO has been reported to 
reach as small as pJ if the electrode area is smaller than 1 µm2[83]. 
     
Figure 5.9: SET and RESET current values obtained from the literature for ZrO2, 
Al2O3, HfO2, NiO and TiO2 [20, 21, 30, 31, 36, 43, 73-75, 81, 83, 91-94, 96, 
104, 107] and Y2O3 (this work). 
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Figure 5.10: SET voltage values obtained from the literature for ZrO2, Al2O3, HfO2, 
NiO and TiO2 [3, 21, 30, 31, 36, 43, 73-75, 81, 83, 91-94, 96, 103-105, 107, 
108] and Y2O3 (this work).  
 
The VSET for various oxide materials in the literature as compared to 
Y2O3 in this work are shown in Figure 5.10. Due to the percolation nature of 
the conducting filament, the variation of VSET is usually very large. As can be 
seen, VSET for the various oxide materials is spread over a wide range between 
0.7 V and 4.5 V. Compared to the required operating voltage of <5 V, VSET for 
these materials meets the voltage requirement. However, the wide variation in 
VSET is probably the biggest challenge in RRAM application [11]. The VSET for 
the Y2O3 thin film (within the range of 1.5 V to 3 V) seems not to be an 
advantage as compared to other oxide materials although it also meets the 
voltage requirement. The slightly higher VSET for Y2O3 could be a result of 
fewer defects (oxygen vacancies) present in the almost stoichiometric Y2O3 
film, thus causing the conductive filament to re-form at a higher voltage.  
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Another key parameter of interest is the resistance ratio between the 
HRS and the LRS. A high ON/OFF resistance ratio is desired for memory 
applications. As shown in Figure 5.11, the largest ON/OFF resistance ratio 
reported for the listed oxide materials in the literature is 2×104, which is 
observed in Al2O3 [91]. The Y2O3 thin film structure is superior in this aspect, 
showing an ON/OFF resistance ratio of >106, which is at least five orders of 
magnitude higher than the required minimum ratio of 10 [10, 11].  
 
Figure 5.11: ON/OFF resistance ratio obtained from the literature  for ZrO2, Al2O3, 
HfO2, NiO and TiO2 [3, 21, 30, 31, 36, 43, 70, 73-75, 81, 83, 91-94, 96, 103-
108] and Y2O3 (this work).  
 
In terms of reliability performance, the Y2O3 thin film structure shows 
cyclic endurance of greater than 100 cycles and a memory retention duration 
of ~106  s under room temperature. These properties are above average among 
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those reported in the literature. In terms of the WRITE speed, as few works in 
the literature used pulsed voltage characterization, the comparison is based on 
limited data. To the best of our knowledge, HfO2 with a Ti buffer layer has 
been reported to switch within 5 ns [110]. Both Al2O3 and NiO have been 
reported to switch within 10 ns [74, 83], while the smallest switching time for 
TiO2 is 50 ns [3]. As mentioned in section 5.4, a ~10 ns SET duration is 
observed for the Y2O3 thin film structure and this is among the fastest reported 
so far. Last but not least, unipolar switching (as observed in Y2O3) rather than 
bipolar switching is preferred technologically as only a single polarity of 
voltage is needed to complete the entire switching process [10, 11]. RS in 
TiO2 and HfO2 are typically bipolar in behaviour although unipolar switching 
also exists in TiO2 if the ICOMP current is changed [20, 31]. RS in ZrO2, NiO 
and Al2O3 are typically unipolar switching. In our Y2O3 thin film structure, 
only unipolar switching is observed. Based on the above comparison and 









In this chapter, reliability characterization with cyclic endurance and 
memory retention testing of the Y2O3 thin film structure are presented. Under 
room temperature, the Y2O3 thin film could be switched for more than 100 
cycles without significant deterioration of the ON/OFF resistance ratio while 
the current at both the LRS and HRS could be maintained during memory 
retention testing for more than 106 s. A higher temperature is found to reduce 
the memory retention duration. The RESET energy (ERESET) is firstly 
measured roughly using the parameter analyzer (of limited time resolution) 
and it is found to be in the range of mJ. To obtain a more precise value, ERESET 
is further measured using pulsed voltage waveforms with time resolution 
down to 5 ns. The smallest ERESET obtained is 4.48 nJ and this can be further 
reduced by decreasing the electrode size and/or addition of a Y interlayer to 
form a Y-Y2O3 bilayer structure for the insulator layer. The RS properties 
obtained from the Y2O3 thin film structures are also compared with other 
binary oxide materials from the literature. We find that the Y2O3 thin film 
structure gives the highest ON/OFF resistance ratio of >106, smallest ISET  of 
0.1 mA, reasonable IRESET  and long memory retention duration for the various 
binary oxide materials compared. These, coupled with the unipolar switching 
nature of Y2O3 and the CMOS compatible fabrication process, makes it a very 
promising candidate material for RRAM application. However, the cyclic 




CHAPTER 6 INVESTIGATION AND COMPARISON 
OF BIPOLAR RESISTIVE SWITCHING BEHAVIOUR 
ON Ag/Ag2S HETERONANOWIRE ARRAY VERSUS 
THIN FILM STRUCTURES 
6.1 Introduction 
In this chapter, the AAO templated growth process used to produce the 
silver/silver sulfide (Ag/Ag2S) heteronanowire array structure will firstly be 
discussed. Problems encountered in the growth method will be highlighted and 
solutions investigated to improve the heteronanowire quality will be discussed. 
In addition, the current-voltage (I-V) characteristics observed from Ag/Ag2S 
heteronanowire and thin film structures will be presented and discussed since 
there is little work comparing the resistive switching (RS) behaviour of thin 
film and nanowire array structures fabricated using a common method under 
similar conditions. Such a comparative study will provide further insight into 
the effect of nanostructuring on the RS behaviour for metal chalcogenide 
materials. From our I-V results, we find that the metallic filament formation 
path in the thin film structure is less confined as compared to the nanowire 
array structure as this depends on the easiest diffusion path of the silver (Ag+) 
ions. Furthermore, the I-V characteristics of both types of structures obtained 
by a SPM probing technique will also be presented and compared with those 
characterized using a probe station setup. Based on this comparison, we 
conclude that the resistive switching occurs only in one dominant nanowire 
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even though multiple nanowires are contacted in the probe station setup. Last 
but not least, some simulation results will be presented and these provide 
insights into controlling key parameters experimentally to achieve good RS 
properties. 
 
6.2 Templated Growth and Structural Confirmation of 
Ag/Ag2S Heteronanowire Arrays 
As discussed in Chapter 3, the growth of the Ag/Ag2S heteronanowire 
array is through a two-step electrodeposition process involving the deposition 
of Ag and the partial sulfurization of Ag nanowires to become Ag/Ag2S 
heteronanowires [19]. In the first step of Ag deposition, in order to avoid the 
Ag thin film formation covering the top of the AAO surface, the process must 
be stopped before the Ag nanowires protrude out of the AAO pores. By 
monitoring in real time the voltage-time (V-t) behaviour during the 
electrodeposition, it is possible to find the condition at which to stop the 
growth process, as also indicated in ref [56]. The stopping condition occurs 
when there is a significant increase in the voltage (a few millivolts per second) 
measured at the working electrode with respect to the reference electrode. It is 
believed that the substantial increase in the working electrode voltage 
indicates the occurrence of the overgrowth of nanowires out of the AAO 
template.  
In our experiment, the Ag deposition is stopped before the working 
electrode potential increases substantially. At this point, Ag nanowires with 
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relatively uniform lengths that are shorter than the AAO thickness are 
expected. However, it is found under scanning electron microscopy (SEM) 
examination that the majority of Ag nanowires are only about 5 µm long for 
an AAO thickness of 60 µm. In some AAO pores, Ag nanowires protrude out 
of the AAO template surface. It is difficult to predict the pore locations where 
Ag nanowires protrude out of the AAO template surface. Repeated 
experiments with different deposition durations are carried out to characterize 
the Ag deposition rate. It is then found that the lengths of the majority of 
nanowires reach a threshold value of about 5 µm without further growth 
occurring. Any additional growth duration only produces Ag nano-particles on 
the surface of the AAO template. The size of these Ag particles could reach 
tens of millimeters in diameter by merging with each other. The synthesized 
Ag nanowires and the Ag particles seen on the surface of the AAO template 
are shown in Figure 6.1(a) and 6.1(b), respectively.  
     
Figure 6.1:(a) Cross-sectional view showing Ag nanowires embedded in the AAO 
template. (b) Ag particles at the surface of the AAO template. 
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The results indicate that after electrodeposition for some duration, the 
majority of Ag nanowires will not grow any longer. In an electrochemical 
process, there are two basic reasons for a reaction to stop, namely the lack of 
current bias or the depletion of reactants. In our experiment, a constant current 
is always supplied to the working electrode and therefore the reason for Ag 
nanowires not growing any longer could be the depletion of reactants. Taking 
into account the formation of Ag particles at the template surface, a 
conductive path must have been formed from the bottom to top of the AAO 
much earlier, before the majority of nanowires are long enough. That is why 
Ag+ ions from the electrolyte could be reduced at the AAO surface. In the 
entire reaction cell, the only conducting path in contact with the electrolyte is 
through the Ag nanowires formed in the AAO pores. This, coupled with the 
finding that there are some Ag wires protruding out of the template surface, 
can help us to explain the differences observed between our experiment and 
Liang et al.’s work [56], as the growth conditions seem to be exactly the same 
based on the known information in the literature. 
The proposed mechanism is illustrated schematically in Figure 6.2. 
Initially, there is a slightly non-uniform growth of Ag nanowires among the 
AAO pores, possibly caused by the geometry of the counter electrode, the pore 
condition or the surface condition of the back electrode (sputtered Au film). 
Before any reaction can occur, the reactants need to diffuse into the tiny pores, 
whose aspect ratio (i.e., ratio of pore depth to pore diameter) could be as high 
as 850. In addition, reactants in the pores need to diffuse through the double 
layer in the electrolyte to reach the reaction sites at the Au surface of the 
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working electrode. Any variation in the starting pore condition will cause 
some differences in the diffusion process. As a result, there is a slight length 
difference in the grown nanowires after a certain period of time. Since the 
difference is not very large initially, the flux of Ag+ ions to each pore is almost 
the same as shown in Figure 6.2(a).  In order for the ions to be reduced at the 
Ag nanowire end, Ag+ ions from the electrolyte need to diffuse through the 
pore portion that is not occupied by Ag nanowires to the reaction sites. Since 
the distance between the bulk electrolyte and the reaction sites is shorter for 
pores with longer Ag nanowires, it is easier for Ag+ ions to be reduced at the 
longer Ag nanowires. As a result, the flux of Ag+ ions will be more 
concentrated near the pores with longer Ag nanowires as illustrated in Figure 
6.2(b). This results in the longer Ag nanowires growing even faster, causing a 
greater length difference between these wires and the rest.  If the deposition 
time is long enough, the longer nanowires will finally protrude out of the 
template surface and form Ag nano-particles there as illustrated in Figure 
6.2(c). Rather than diffusing into the pores, the Ag+ ions in the electrolyte will 
preferably get reduced at the Ag nano-particles thereafter. From this point 
onwards, the shorter Ag nanowires in the rest of the pores will hardly get a 
chance to grow longer. At the same time, the Ag nano-particles will increase 
in size and finally merge to a particle with sub-millimeter diameter as 
illustrated in Figure 6.2(d). 
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Figure 6.2: Schematic illustrating the sequence (i.e., steps (a) to (d)) in the formation 
of Ag particles at the surface of the AAO template. 
Since the Ag nanowires are required for subsequent sulfurization, 
various growth conditions have been attempted to avoid or minimize the 
formation of Ag particles. However, the Ag particles cannot be eliminated 
completely despite obtaining longer nanowires of a sufficient length. Reduced 
amount and smaller size of Ag particles and increased length for majority of 
the nanowires are found after reducing the current density from the initial 
value of 0.6 mA/cm2 to 0.3 mA/cm2. This could be due to the decreased 
growth rate of the Ag nanowires which accompanies the reduced current 
density bias. As a result, a decrease in the growth rate for pores with longer 




grow for a longer duration before longer nanowires protrude out of the AAO 
template and inhibit further growth of the shorter nanowires.  
Due to the presence of Ag particles at the AAO surface, if sulfurization 
is carried out directly after the Ag deposition, sulfurization would only occur 
at the Ag particles before the nanowires are sulfurized. Thus, before the 
sulfurization process is carried out, Ag particles are removed by polishing the 
AAO surface with sand paper. After the two-step electrochemical process, the 
nanowire arrays are removed from the AAO and examined under the SEM. As 
the material contrast for the Ag and Ag2S portions of the nanowire is different 
under the SEM, whether the Ag nanowire is successfully sulfurized could be 
determined. By doing this, it is found that 30 minutes duration for the 
sulfurization process is appropriate.  
To confirm the formation of the Ag2S material, energy dispersive X-
ray (EDX) characterization is performed on the heteronanowire array after the 
removal of the AAO template. The diameter of the nanowires, as seen from 
the SEM image in Figure 6.3(b), is about 70 nm, which agrees well with the 
diameter of the AAO pores. As shown in the EDX spectrum in Figure 6.3(a), 
the ratio of Ag and S atoms is roughly 2:1 by estimating the areas under Ag 
and S peaks. This result is similar to the reported result in ref. [133]. X-ray 
diffraction (XRD) characterization is also performed on the Ag/Ag2S 
nanowires embedded in the AAO template to confirm the heterostructure. The 
measurement uses the GADPS XRD machine with a CuKα X-ray source 
(wavelength λ = 1.5466 Å) at a fixed grazing angle of 2º and sweeping in a 2-θ 
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range of 20º to 90º. Taking Ag nanowires (without sulfurization) embedded in 
AAO as a control sample, the XRD results before and after the sulfurization 
process are shown in Figure 6.4. The Ag peaks match well with the results 
obtained by other groups, who have experimented with the fabrication of Ag2S 
nanowires [19, 134]. Aside from the Ag peaks, there are many Ag2S peaks 
observed in the sample after the sulfurization process. These peaks agree well 
with the monoclinic Ag2S (JCPDS file: 14-72).  Since the thin film fabrication 
process follows exactly the same method as the nanowire array fabrication, 
except for the absence of the AAO template in the former case, we assume 
that the heterostructure formed in the thin film is also similar to that in the 
nanowire array. This is further verified from the electrical characterization 
results, which is reported in section 6.3.     
         
Figure 6.3:(a) Energy dispersive X-ray spectrum of the Ag2S portion of the Ag/Ag2S 
nanowire array. (b) SEM micrograph of the fabricated Ag/Ag2S 




   
Figure 6.4: XRD spectra of Ag/Ag2S heteronanowire array (top red) and the control 
Ag nanowire array (bottom black) embedded in the AAO template. 
 
6.3 I-V Characterization of Ag/Ag2S Heteronanowire Array 
and Thin Film Structures Using a Probe Station Setup  
The bipolar resistive switching (RS) behaviour of the Ag/Ag2S 
heteronanostructure has been reported by other groups [18, 19, 56]. This 
behaviour can be understood based on the conductive filamentary path model, 
in which the low resistance state (LRS) of the heteronanowire is due to the 
formation of single or multiple conductive filamentary paths, presumably Ag 
filaments. Conversely, the switching from the LRS to high resistance state 
(HRS) is caused by the annihilation of the Ag filaments. After the initial 
formation of the Ag filament, the heteronanowire array exhibits repeated 
ON/OFF states under alternating voltage sweeps.  
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In this work, we observe the repeated RS behaviour of the Ag/Ag2S 
heteronanowire array using both the probe station and SPM setups as 
described in Chapter 3. In the case of probe station measurement, an initial 
forming cycle is applied firstly to the nanowire array by a voltage sweep from 
+1.5 V to -1.25 V, and back to +1.5 V, at a voltage step of 0.01 V. A current 
compliance of 20 mA is imposed during the forming cycle, and throughout the 
rest of the measurement, in order to prevent early failures caused by high 
current flow (failure occurs at typically ~30 mA). After the forming cycle, a 
sweep voltage from +1 V to -1 V, and then back to +1 V (denoted as one 
cycle), is applied to trigger the device to the LRS and HRS condition. Figure 
6.5 shows a typical I-V curve measured from the heteronanowire array sample 
on a probe station setup showing the bipolar RS behaviour. When the voltage 
is swept from +1 V to -1 V, the device is firstly in the OFF state or HRS, 
which is indicated by the almost zero current level. At a negative voltage, 
corresponding to point “1”, there is a sharp increase in the current magnitude 
and the SET process (switch ON to LRS) occurs. The voltage at point “1” is 
usually termed as the SET voltage (VSET). At point “2”, the current flow in the 
device is limited by the compliance current and this continues until the voltage 
sweeps back to point “3”. From point “3” to “4”, the I-V behaviour is almost 
linear, which is characteristic of the device in the ON state. Further increase in 
the applied voltage resets the device (switch OFF to HRS), and the RESET 
voltage (VRESET) is observed at the point when there is a dramatic decrease in 
the current magnitude. The device remains in the OFF state from point “5” 
onwards. The bipolar switching process can also be illustrated by the I-V 
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curve shown in the inset on a logarithmic vertical scale, where the HRS and 
LRS are represented by the current magnitude levels. The resistance ratio of 
the HRS to LRS, measured on this heteronanowire array sample, is 
approximately 103. This value is more than sufficient to satisfy the 
requirement of having RHRS/RLRS  > 10  for RRAM application [10, 11] 
             
Figure 6.5: Typical I-V characteristics of the Ag/Ag2S heteronanowire array plotted 
in linear scale and logarithm scale (inset) showing the bipolar resistive 
switching behaviour. 
In the case of the Ag/Ag2S thin film structure, a similar I-V behaviour 
as that shown in Figure 6.5 is observed. As reported in the literature, the VSET 
for the forming process (typically denoted as VFORM to distinguish it from the 
VSET for subsequent switching cycles) is typically larger than that for 
subsequent switching cycles. This is because a larger voltage is required for 
establishing the entire metal filament or the Ag2S film needs to be “softly” 
broken down to establish the filamentary conduction path during the forming 
process[15, 135]. However, the VSET during the forming process and the rest of 
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the switching cycles in our experiment for both types of structures do not 
differ significantly. For the nanowire array structure, we suspect it is due to 
the probing of multiple nanowires. Formation of the conductive path with 
multiple nanowires is likely to happen during every SET process, thus 
affecting the value of VSET. In the case of thin film structure where there is 
plenty of area for the filament to grow, the situation is analogous to that in 
nanowire arrays. However, rather than the formation of multiple nanowires, it 
is the portion of the conductive path, interrupted during the previous RESET 
process, that is re-formed through a different path. It therefore causes the 
increase in VSET.  
To test the cyclic endurance of the RS in both structures, we carry out 
the cycling test (see section 6.3) and differences in the RS parameters are 
observed. Based on the result of the cyclic endurance test, the average (first 
value) and standard deviation (second value within brackets) of each switching 
parameter, including VSET, VRESET and ON-state conductance (GON ), are 
summarized in Table 6.1 for the two different structures. As indicated in the 
table, the average VRESET value for the thin film structure is close to +0.125 V, 
which is almost the same as that for heteronanowire array. However, the 
average VSET value for the thin film structure is -0.20 V, which is 0.065 V 
larger in magnitude than that for the heteronanowire array. The GON for the 
nanowire array have an average value of 0.14 S. In contrast, the GON for the 
thin film structure have an average value of 0.128 S, which is slightly lower 
than that from the nanowire array. The reason accounting for the difference in 
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the values of the switching parameters between the two types of structures will 
be discussed in section 6.5 in more detail. 
Table 6.1: Summary of the extracted resistive switching parameters of Ag/Ag2S 
nanowire array and thin film structures, with the average (first value) and 
standard deviation (second value within brackets) indicated for each 
parameter. The average and standard deviation are obtained based on 26 sets 
of measurements for each type of structure. 





SET voltage   
 
    VSET (V) 
RESET voltage  
 
     VRESET (V) 
ON-state conductance   
 
             GON (S) 
Nanowire array –0.135±(0.024) 0.125 ± (0.015) 0.140± (0.012) 
Thin film –0.200±(0.024) 0.125± (0.017) 0.128± (0.012) 
 
6.4 I-V Characterization of Ag/Ag2S Heteronanowire Arrays 
Using a SPM Setup 
For the I-V RS behaviour characterized by the probe station setup, it 
should be noted that the probing area of the tungsten (W) tip is much larger 
compared to the dimension of the nanowire. This means it is possible that the 
I-V behaviour is from a combined effect when multiple nanowires are in 
contact with the W tip. To investigate whether the I-V behaviour is dependent 
on the contact area (related to the number of probed nanowires), we have 
conducted further I-V measurement using a SPM setup as described in 
Chapter 3. In this measurement, the platinum (Pt) probe tip (radius of 
curvature is typically about 25-50 nm) serves as the top contact. Since the 
heteronanowire has a typical diameter of ~70 nm, we believe the sharp Pt tip 
is likely to contact only one heteronanowire during the measurement. Thus, 
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the RS parameters extracted from the SPM measurement are likely due to that 
of a single heteronanowire that is being probed.  
In the following SPM setup measurement, a similar external voltage 
stimulus (as the probe station setup) is used while the current compliance is 
reduced to 10 mA to protect the structure as well as the much more confined 
Ag filament in the nanowire. We have plotted typical I-V behaviours for both 
the forming and the normal switching cycles in Figure 6.6 for the 
characterization using the SPM setup. One can observe that the VSET for the 
forming process is much larger than that for the normal switching cycles while 
the VSET for the normal switching cycle is negligibly small, which agrees well 
with the reported behaviour in the literature [56]. This could be because the 
sharper Pt tip in the SPM setup makes contact with a single heteronanowire. In 
the case of the probe station setup, the much larger radius of curvature of the 
W tip means that a large number of heteronanowires are probed 
simultaneously. Forming of other heteronanowires is likely to happen during 
the subsequent switching cycles in the probe station setup, which increases the 
VSET  even after the first forming cycle. In the SPM measurement, the VRESET is 
comparable to that in the probe station measurement. However, the average 
GON  has a value of 0.035 S in the SPM measurement, which is much smaller 
compared to that obtained from the probe station measurement. The ON/OFF 
state resistance ratio measured is around 104, which is slightly higher than that 
obtained from the probe station setup. Observing the current levels, the 
slightly higher resistance ratio is contributed by a higher OFF state resistance 
in the SPM setup, probably a result of the lower compliance current. 
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Figure 6.6: I-V characteristics for both Ag/Ag2S heteronanowire array measured 
using the SPM and HP4140B parameter analyzer. I-V curves are plotted in 
linear scale (for both forming and normal switching cycles) and logarithm 
scale (inset showing a typical normal switching cycle only) showing the 
bipolar resistive switching behaviour. 
 
6.5 Discussion   
Based on the extracted average conductance values in Table 6.1 of 
0.128 S and 0.14 S for the respective thin film and nanowire array structure, 
this yields a ON-state resistance of 7.8 ohms and 7.1 ohms, respectively. The 
tungsten probe tip resistance and the sample back contact resistance are 
estimated to be about 0.7 ohms and 1.1 ohms, respectively, based on 
measurements on a bulk Ag thin film structure. We have endeavoured to use 
the same tungsten probe tip to measure the I-V characteristics (the 
conductance or resistance values are extracted from these characteristics) of 
both the thin film and nanowire array structures. Even though the extracted 
conductance values will include the contribution from the contact resistance, 
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the stated values are meant as a relative comparison between the two different 
structures. If both contact resistances are excluded from the overall resistance, 
the ON-state resistance contributed by the Ag filament for the thin film and 
nanowire array are estimated to be 6.0 and 5.3 ohms, respectively. Taking into 
account the standard deviation of the measurements in Table 6.1, we used the 
statistical t-test to show that the average ON-state conductance values between 
the two different structures are statistically different.  
The two groups of data are independent of each other while the sample 
size (26) and standard deviation (±0.012) for the two groups are the same. The 
t-test equations for the case of equal size and equal variance are shown in Eqs. 
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where  iX
_
is the mean value of the GON and i = 1, 2; 
 
iX
S is the standard deviation of the GON and i = 1, 2; 
 
21 XX
S is the grand standard deviation for the two groups; 
 n  is the sample size; and 
 t  is the standard error of difference between the two means. 
  
The degree of freedom of the hypothesis test is 2(n-1). Let us consider 
the hypothesis that the average GON values obtained for the two groups of data 
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are statistically identical. Substituting in the values from Table 6.1, we get a t-
value of 3.6056, corresponding to a probability of less than 0.0005 in the 
standard t-table for single tail. That means that the probability for our 
hypothesis to be true is negligible and the GON values from the two different 
structures are therefore statistically different. 
The thickness of the Ag2S film and length of Ag2S nanowire portion 
are estimated to be about 2.5 µm as mentioned in the experimental details in 
Chapter 3. Based on this and the values obtained for the ON-state resistance, 
after accounting for the probe tip contact and back contact resistances, and 
together with the use of a resistivity of 15.7 nΩ-m for Ag [136], the average 
filament diameter is estimated to be ~90 nm in the thin film structure, which is 
larger than the diameter (~70 nm) of the nanowire. Compared to the confined 
filament in the nanowire structure, this (larger cross-sectional area) can only 
render a lower ON-state resistance, or a larger ON-state conductance, to the 
thin film structure, which is contrary to what is extracted experimentally as 
shown in Table 6.1. We thus attribute the smaller ON-state conductance 
obtained from the thin film structure to a longer filament path. 
It should be noted that the probing area is roughly similar for both the 
nanowire array and thin film structures, as the same W probe is used in the I-V 
measurements for the probe station setup. The difference in the RS parameters 
for the SET process in the two different structures could therefore be attributed 
to a difference in the conductive path formed. The filaments formed within the 
nanowire array are physically confined by the nanowire dimension while this 
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may not be the case for the thin film structure. Based on the filamentary 
mechanism, if there is more than one filamentary conduction path formed 
within the probing area, the RS behaviour of the switching device is typically 
determined by the single filamentary path of the lowest resistance. Thus, the 
difference in the RS SET parameter values (i.e., VSET and GON) of the nanowire 
and thin film structures can be attributed to this single lowest resistance 
conducting filament, and not to the overall probed area. Therefore, the 
observed increase in the VSET values from the nanowire array, as compared to 
the thin film structure, can be understood in terms of the filament formation 
paths during the SET process, which are related to the device structural 
differences, as illustrated schematically in Figure 6.7.  
           
Figure 6.7:  Schematic illustrating different filament formation paths in Ag/Ag2S 
nanowire and thin film structures during the SET process. 
 
Ag filament 








In the nanowire array structure, the formation of a conductive filament 
within a single nanowire is confined to the dimension (typically ~70 nm) of a 
single AAO pore, since the nanowires are formed within the pores of the AAO 
template. The overall length of the conductive filament will likely follow the 
length of the nanowires. However, in the case of the thin film structure, the 
filament formation is no longer confined within a small region. The growth 
direction of the filament, which may not be a straight line profile, depends 
rather on the location of the easiest path for silver ions to migrate to the 
cathode. As the filament growth process continues, although the filament will 
eventually join the anode and form a conductive path between the two 
electrodes, this path is likely to be much more jagged (less straight) and longer 
than that formed in a single nanowire in the heteronanowire array. As a result, 
a larger VSET value is required for the longer conductive filament to form a 
continuous path linking the cathode with the anode in the thin film structure.  
Since the RESET process of the RS occurs when the conductive path is 
disrupted at a localised position, likely by the oxidation of Ag atoms at the 
thinnest portion of the filament [18, 65], it should be relatively independent of 
the filament length. This explains why the measured VRESET for both structures 
are almost similar. With regards to the ON-state conductance GON, since the 
filament is presumably made up of Ag metal for both structures, it is 
reasonable to assume that the conductivity of the filament formed in the two 
structures are almost similar. Since the conductance of a metal filament is 
determined by its conductivity, length and cross-sectional area, the difference 
in GON is an indirect indication of a difference in the structural dimension of 
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the metal filament. As the RS behaviour is independent of the probed area (see 
further discussion below based on measurements using a smaller diameter 
scanning probe microscopy (SPM) probe tip), the smallest cross-sectional area 
of the filament to establish conduction between the anode and cathode can be 
assumed to be similar in both the nanowire and thin film structures. As a result 
of the longer filamentary path in the thin film structure as compared to the 
nanowire array, we can expect GON to be smaller in the case of the thin film 
device, as what is obtained experimentally. 
To further substantiate that the RS behaviour is independent of the 
probed area, we compare the I-V behaviours for the heteronanowire structure 
obtained from the probe station and SPM setups. The SPM probe tip has a 
radius of curvature of typically about 25 nm to 50 nm whereas the diameter of 
the tungsten probe in the probe station setup is about 10 µm. Hence, the 
probed area for the tungsten tip is about 104 times larger than that of the SPM 
probe tip. If multiple nanowires contacted by the tungsten probe contribute to 
GON, then GON obtained from the probe station measurement should be 
significantly larger (by at least a few orders) than that obtained from the SPM 
measurement. However, the difference in GON using the probe station and 
SPM setups is only about 3 times and this difference can be attributed to the 
contact resistance difference from the two different setups rather than the 




6.6 Simulation on the RS Memory Effect  
In addition to the experimental work, we have also carried out 
simulations on the RS memory effect based on the circuit breaker network 
model reported by T. W. Noh’s group in refs. [101] and [45]. In the simulation, 
the conductive filament path is assumed to form along the grain boundaries 
under external voltage stress. The parameters used in the simulation are firstly 
fine tuned (calibrated) using typical experimental results so that the simulated 
RS is representative of the actual RS in the device structure.  
It is not surprising that the current compliance in the SET process 
affects the filament formation. A filament is defined as a continuous path 
linking the two electrodes shown in yellow colour as in Figure 6.8. We find 
that if the current compliance is not limited to a very low level, e.g. 10 to 15 
mA, there will be formation of multiple filaments as shown in Figure 6.8(b). 
In Figure 6.8(a), when the current is limited at 15 mA, there is only one 
filament formed after the SET process. However, when the current compliance 
is increased to 300 mA, three filaments are observed as shown in Figure 6.8(b). 
If the current compliance is further increased, more filaments will be formed. 
This implies the crucial role of compliance current in the RS phenomenon. In 
practice, multiple filament formation is expected if the current is not limited in 




Figure 6.8: Simulation result showing single and multiple filament formation when 
current compliance is set at (a) 15 mA and (b) 300 mA. The red lines indicate 
the circuit breaker elements which have been switched ON to a low 
resistance state. A filament is defined as a continuous path linking the two 
electrodes shown in yellow colour. 
 
To simulate the size effect of the nanowire versus the thin film 
structure, the increase in size is modelled by an increase in the number of 
columns for grains, while keeping the number of rows constant (same Ag2S 
thickness in both nanowire and thin film structures).  The simulated 
filamentary path is shown in Figure 6.9. One can observe that the filament is 
formed as a straight profile in Figure 6.9(a) due to the limited number of grain 
boundaries in the horizontal direction. When the number of grain columns is 
gradually increased to the situation in Figure 6.9(d), the filament loses the 
straight profile, just as what was predicted in section 6.5 based on our 
experimental observation.  From Figures 6.9(a) to 6.9(d), the general trend of 
the filament growth is represented by increasing RON (or decreasing GON) as 
noted from the simulation (absolute values of RON  are not shown as what is 
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important is the trend), which is in good agreement with the experimental 
result. 
 
Figure 6.9: Simulation result showing the difference in the filamentary path formed in 
the device by increasing the number of grain columns from (a) to (d). From 
(b) to (d), the filament shape deviates gradually from the straight profile in 
(a). The dark blue and red lines indicate the circuit breaker elements which 
have been switched ON to a low resistance state. The red lines are portions 
which are broken during the RESET process but are re-established during the 
SET process. A filament is defined as a continuous path linking the two 
electrodes shown in yellow colour. 
 
6.7 Summary 
Repeatable bipolar RS behaviour from Ag/Ag2S hetero-nanowire 
arrays with an ON/OFF resistance ratio of >103 has been demonstrated using 
two different setups with different tip-sample probed areas. Based on the 
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observed difference in VSET, VRESET  and GON , and the fact that the length of the 
Ag2S portion in the heteronanowire structure and the thickness of the Ag2S 
layer in the thin film structure are almost identical, it is inferred that the 
decrease in VSET and increase in GON for the nanowire array as compared to the 
thin film structure is due to a longer filament length arising from a lack of 
confinement in the latter (thin film) structure. From the comparison of the RS 
parameter values obtained from the different two structures, it is observed that 
nanostructuring of the Ag2S/Ag hetero-structure from a two-dimensional thin 
film to a one-dimensional nanowire structure results in an improvement in the 
SET process parameters. As further characterized by the SPM setup, the GON 
for the nanowire array is roughly one third of the value as obtained in the 
probe station setup. This shows GON value does not scale proportionally to the 
probed area and the difference observed could be attributed to the contact 
resistance difference in the two different setups.  We thus believe that the RS 
behaviour in the Ag/Ag2S hetero-structure is a local effect. Therefore, we 
conclude that the RS for the heteronanowire array structure is dominated by 
that occurring possibly in one single heteronanowire. Besides the experimental 
result, we also present simulation result on the RS memory effect. We find 
that if the compliance current is high, there will be formation of multiple 
nanowires. In the thin film structure, the simulated filament shape is twisted 
and different from the confined straight profile seen in the nanowire structure. 




CHAPTER 7 PERFORMANCE EVALUATION AND 
RELIABILITY CHARACTERIZATION OF Ag/Ag2S 
HETERONANOWIRE ARRAY AND THIN FILM 
STRUCTURES 
7.1 Introduction  
After demonstrating the RS I-V behaviour for the Ag/Ag2S 
heteronanowire array structure, we focus on evaluating the performance and 
characterizing the reliability of the structure for its possible application in 
RRAM for the next generation non-volatile memory devices. In this chapter, 
the SET process performance when the sweeping voltage source is changed to 
a constant stress voltage with varying durations will be discussed in section 
7.2. It is found that the SET process is dependent on both the stress voltage 
magnitude and the stress duration. This result indicates that the filament 
formation is not only electric field-driven as believed previously. This time 
dependency is possibly related to the migration and reduction of silver ions to 
form silver atoms at the filamentary formation site.  
The cyclic endurance and memory retention test results for the 
heteronanowire array structure are also presented in this chapter. Last but not 
least, the transient current behaviour for the SET and RESET processes, 
characterized by pulsed voltage waveforms, will also be shown and the energy 
for switching ON and OFF will be estimated. 
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7.2 Time-Voltage Dependent SET Process  
For the SET process, the Ag filament formation is believed to be 
electric field-induced [18]. This means that the filament will form when the 
electric field across the structure reaches a critical field magnitude 
corresponding to VSET. To investigate the effect of the time duration of the 
applied electrical field during the SET process, a constant voltage stress is 
applied across the thin film structure for various time durations. In this 
experiment, the thin film sample and probe station measurement setup are 
similar to that used previously to obtain the cycling RS behaviour of the 
heteronanowire array and thin film samples for the sweeping voltage stress. A 
constant negative voltage stress is applied through the tungsten probe tip to the 
Ag2S side of the thin film sample. In order to observe the effect, no current 
compliance is imposed during the voltage stress process. After the constant 
voltage stress for the SET process, a voltage sweep from 0 V to +1 V is then 
applied to observe the I-V characteristics of the RESET process. The negative 
portion of the sweeping voltage (from -1 V to 0 V) is intentionally avoided in 
this sweep to prevent any further changes to the filament, except for those 
induced by the preceding constant voltage stress. The linear portion in the 
resulting I-V curve is a direct reflection of the property of the conductive 
filament formed during the resistive switching process. The slope of the linear 
portion can be related to the conductance of the filament. In the following 




After a constant voltage of -0.10 V is applied to stress the device for a 
sufficiently long duration, we can observe the ON state of the thin film 
structure as indicated by a straight line I-V characteristic with a relatively low 
resistance in Figure 7.1. Following the ON state, there is also a RESET 
process, indicated by a sudden decrease in the current level. This I-V 
behaviour implies that the LRS has been established by the preceding constant 
voltage stress, otherwise, the RESET behaviour cannot be observed 
subsequently. Interestingly, this constant stress voltage, although lower than 
VSET (-0.20 V) measured from the previous voltage sweep experiment, is 
sufficient to bring the device from the HRS to LRS as long as the voltage is 
applied for a sufficiently long time. This result suggests that the SET process 
is not solely determined by the electric field magnitude but is also dependent 
on the stress duration. This time dependency is possibly related to the 







Figure 7.1:  I-V characteristics of the Ag/Ag2S thin film structure after constant 
voltage bias/stress at -0.1 V for different time durations. 
To further investigate the effect of stress duration during the SET 
process, more I-V measurements are carried out by keeping the stress voltage 
constant at -0.10 V but varying the stress duration. A series of I-V curves for 
different stress durations are obtained as shown in Figure 7.1. By varying the 
stress duration from 1 s to 200 s, we observe that the device switched to the 
LRS after 2 s stress by exhibiting the RESET process, and the slope of the 
linear portion (ON state), or GON, increases as the stress duration increases. A 
similar trend is also observable for other constant stress voltage values; the 
larger the constant stress voltage, the shorter the stress duration is needed for 
the device to reach the ON state. To ensure that this is not just a characteristic 
of the thin film structure itself, similar I-V measurements are also carried out 
for the heteronanowire array structure. Figure 7.2 shows a series of I-V plots 
observed from the heteronanowire array structure where the constant voltage 
stress is set at -0.2 V while the stress duration is varied from 2 s to 100 s. It is 
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observed that the nanowire array structure shows a similar time-dependent 
SET process as the thin film structure. These results indicate that the stress 
duration is a factor influencing GON, with a longer stress duration resulting in a 
larger GON.  
 
Figure 7.2: I-V characteristics of the Ag/Ag2S nanowire array structure after constant 
voltage stress bias/stress at -0.2 V for different time durations. 
In order to confirm that the SET process is dependent on both the 
stress voltage magnitude and the stress duration, a subsequent experiment is 
performed by keeping the stress duration constant at 5 s while varying the 
constant stress voltage. The results are shown in Figures 7.3 and 7.4 for the 




Figure 7.3: I-V characteristics of the Ag/Ag2S thin film structure after constant 
voltage bias/stress for 5 s under different stress voltages. 
 
Figure 7.4: I-V characteristics of the Ag/Ag2S nanowire array structure after constant 
voltage bias/stress for 5 s under different stress voltages 
 For the same stress duration, as the magnitude of the stress voltage 
increases, GON increases, as observed from the increasing slope in the I-V 
curve. Experimental results from Figures 7.1 to 7.4 provide sufficient evidence 
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that the SET process in the Ag/Ag2S hetero-structure is not solely dependent 
on the magnitude of the voltage applied, but is also determined by the time 
duration that the device is subjected to this voltage bias. Relating results here 
with the filament properties, by keeping stress voltage (duration) constant, a 
longer stress duration (larger stress voltage) results in a larger GON of the 
filament. For both the thin film and nanowire array structures, the length of the 
filament formed during the SET process is not expected to decrease as the 
time duration of the voltage stress increases. If there is any change in the 
filament length, it is expected to increase, rather than decrease, as stress 
duration increases, which cannot account for a larger GON. Neither is the 
conductivity of the Ag atoms forming the filamentary conductive path 
expected to change with stress duration. Therefore, a larger GON with 
increasing stress duration is more likely attributed to an increase in the average 
cross-sectional area of the filamentary conductive path, or the formation of 
multiple filamentary paths. It is believed that the conducting filament is 
formed by reduction of silver ions to form Ag atoms at the cathode [18, 19, 
64]. A longer stress duration may be able to further “strengthen” the filament 
by resulting in more Ag atoms contributing to the filamentary conduction path 
and increasing the effective cross-sectional area of a single filament or 
forming multiple filaments (Note: The multiple filamentary paths could also 
be visualized as a single filamentary path with a larger effective cross-
sectional area). This reasoning is supported by the simulation result in section 
6.6 of Chapter 6, where the formation of multiple filaments is seen, especially 
if the compliance current is sufficiently high (Note that no compliance current 
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is imposed in this constant voltage stress experiment). It is also useful to point 
out that the sudden decrease in current in some curves in Figure 7.1 occurs at 
increasingly larger voltages as the duration of the constant voltage bias (-0.1 V) 
during the SET process increases from 2 s to 5 s and then 10 s. This is because 
a larger voltage bias is required during the RESET process to break the 
“stronger” (or multiple) conducting filamentary paths formed with increasing 
duration of the SET process. The reason why the sudden decrease in current is 
not observed in Figures 7.3 and 7.4 for the device which has undergone larger 
constant voltage biases during the fixed duration SET process is because this 
takes place at a bias higher than 0.2 V (which is outside the scale of the plotted 
figures). As the magnitude of the constant voltage bias increases during the 
SET process, the “stronger” conducting filamentary path formed will require a 
much larger bias to RESET the device to the high resistance state. 
7.3 Reliability Characterization  
The ON-OFF cycling test is carried out using the probe station setup 
on more than ten devices for both types of structures (thin film and nanowire 
array) to characterize the cyclic endurance of the Ag/Ag2S heterostructures. In 
this test, the device is switched ON and OFF repeatedly by sweeping the 
voltage in a manner as described in section 6.3. The hysteresis in the measured 
I-V curve shows repeatable bipolar (asymmetrical) switching behaviour until 
about 800 cycles for the heteronanowire array. No RS hysteresis is observed 
after about 1000 cycles, but starting from about cycle 900 onwards, the 
measured I-V curves gradually lose their repeatability. Figure 7.5(a) shows the 
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extracted VSET and VRESET values, shown on a scatter plot, with respect to the 
number of SET or RESET cycles. It can be seen that the variation in the VSET 
and VRESET values is quite small and the average VSET and VRESET values are –
0.135 V and +0.125 V respectively, if the initial and last few cycles are 
excluded from the calculation. The large change in the VSET and VRESET values 
in the last few cycles can be attributed to the degradation in the metal filament 
caused by the repeated cycling stress to the structure. The cycling behaviour of 
RS is also measured on the Ag/Ag2S thin film structure; the results of the 
extracted VSET and VRESET values versus the number of SET or RESET cycles 
are shown in Figure 7.5(b). Unlike that in the nanowire structure, the cyclic 
endurance for the thin film structure lasts for only about 200 cycles before the 
repeatability ceases.  This is also possibly related to the unconfined nature for 
the filament formation in the thin film structure. More variations in the SET 






   
Figure 7.5: Scatter plot of the SET and RESET voltages (VSET and VRESET) versus the 
number of SET or RESET cycles for (a) Ag/Ag2S hetero-nanowire array and 
(b) Ag/Ag2S thin film structures measured using the probe station setup. 
Since the thin film sample is prepared by using a similar value of 
current density as that used in the nanowire array fabrication, any difference in 
the I-V results that might be caused by different fabrication conditions is 
minimized. From Figure 7.5(b), the average VRESET value for the thin film 
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structure is close to +0.125 V, and the average VSET value for the thin film 
structure is -0.20 V, In addition, the GON values, calculated as the slope of the 
linear portion in the I-V plot, are plotted in Figures 7.6(a) and 7.6(b) for the 
nanowire array and thin film structures, respectively. It is observed from 
Figure 7.6(a) that the GON values for the nanowire array varies between 0.13 S 
to 0.15 S (excluding the initial and last few cycles), with an average value of 
0.14 S. In contrast, the GON values from the thin film structure vary between 
0.115 S to 0.14 S, with an average value of 0.128 S that is slightly lower than 
that from the nanowire array. The possible reasons responsible for the 
difference observed from two types of structures have been discussed in 








Figure 7.6: Scatter plot of ON-state conductance values versus the number of SET or 
RESET cycles for the (a) Ag/Ag2S hetero-nanowire array and (b) Ag/Ag2S 
thin film structures measured using the probe station setup. 
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Besides the cyclic endurance test, a memory retention test for both the 
HRS and LRS is also performed. In this test, the device is pre-set to either the 
LRS or HRS using a sweeping voltage. After that, the current going through 
the device is read at a voltage of -0.1V for the LRS condition and +0.1V for 
the HRS condition. In the case of the bipolar RS material, any reading voltage 
that has an opposite polarity to the VSET (VRESET) will tend to toggle the current 
state and RESET (SET) the device. Thus, the reading voltage is selected 
carefully such that the reading action will not disturb the current status of the 
device. That is, when reading the LRS current, the reading voltage must be 
negative. The magnitude of this negative reading voltage needs to be smaller 
than the magnitude of the VSET, so that if the device is no longer retaining the 
memory state, the external reading voltage will not SET the device again. The 
difficulty lies in the SET process for the Ag/Ag2S hetero-structure as it is 
dependent on the time duration of the applied voltage. When the LRS current 
is read at -0.1 V, the ON state could possibly be strengthened. Considering the 
reading action takes place within <10 ms, coupled with the fact that the 
observable change of GON under -0.1 V voltage stress is in the time scale of a 
few seconds (refer to Figure 7.1(a)), the effect of the reading action is 
therefore negligible. Similar consideration is taken for the choice of the 
reading voltage for characterizing the HRS current. The reading time intervals 
are programmed such that it increases from 10n s to 10n+1 s after taking 10 
readings with a starting “n” value of zero (equivalent to a starting reading 
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The memory retention test for the Ag/Ag2S thin film structure is 
carried out under room temperature (T = 23°C) and an elevated temperature 
(T=85°C). The failure criterion for this test is chosen such that the resistance 
ratio of the HRS to LRS
 
decreases to below 10, and this is the minimum value 
required for RRAM to compete with FLASH memory [10, 11]. As the 
magnitude of the reading voltage for LRS and HRS is the same, the resistance 
ratio can be transferred directly to the inverse of current ratio. For the test 
under room temperature, the result is shown in Figure 7.7. The memory 
retention fails when it reaches 18000 s by having a dramatic decrease in the 
LRS current. For the test carried out under an elevated temperature of 85°C, 
the test sample has been heated for at least 20 minutes to ensure that it has 
reached steady state at the designated temperature before any measurement is 
performed. Unlike at room temperature, the memory retention test at 85°C 
shows failure at a much earlier time, typically within the time duration of three 
thousand to six thousand seconds after the measurement has been carried out. 
In all the failure situations, the HRS current jumps to a high level, thus 
rendering the RHRS/RLRS ratio to be smaller than 10. The early failure of the 
memory retention test under 85°C is not out of expectation and is related to 
the material itself. As a mixed conductor, Ag2S conducts both ionic and 
electronic currents and the Ag+ ions in this material is very active [137]. The 
increase of current in the HRS condition could be thermally assisted by 
reducing Ag+ ions to Ag irreversibly. To further confirm this, we observe the 





Figure 7.7: Scatter plot of measured current in the LRS and HRS as a function of time 
duration in the memory retention test for the Ag/Ag2S thin film structure at 
room temperature (T = 23°C).  
 
Figures 7.8 and 7.9 show the transient current responses for the SET 
and RESET processes respectively when a voltage pulse is used to SET and 
RESET the Ag/Ag2S thin film structure. The pulse is selected with negative 
(positive) amplitude of 3 V/10V and width of 2 µs for the SET/RESET 
process. In practice, there is a slight variation of the specified amplitude 
voltage when there is a sudden change in the device resistance, e.g. when 
current suddenly increases during the SET process. As mentioned in Chapter 3, 
there is an approximately 40-ns system delay between the applied voltage 
pulse and the measured current response. Thus the actual time duration needed 
for the SET process to occur is taken as the result of subtracting the system 
delay (~40 ns) from the total delay observed in the plot. The current 
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compliance is imposed in a way that for a certain pulse with amplitude Vamp, 
the series sensing resistor (with resistance R) will only allow a maximum 
current of Vamp/R to pass through. Taking into account that the smallest device 
resistance is RLRS, varying from a few tens to hundreds of ohms, the actual 
current compliance is Vamp/(R+ RLRS).  
As shown in Figure 7.8, the observed smallest total delay for current 
increase after the application of the voltage pulse is about 90 ns, which is 
equivalent to a 50 ns duration for the SET process to occur when a voltage 
stress at an amplitude of roughly -3 V is applied. This, compared to the 
requirement of the WRITE duration for RRAM (<100 ns from the ITRS 
roadmap) [10], is two times faster. At the time instant when SET occurs, the 
current magnitude increases from nearly zero to 0.17 mA as shown in the inset 
of Figure 7.8. After this, the increase in current is gradual rather than sudden. 
Due to the fact that the data is sampled with a time interval as small as 10 ns, 
the obtained current behaviour reflects considerably accurate transient 
response. As current through the circuit increases, the voltage across the 
sensing resistor R increases, indicating that the voltage shared by the device-
under-test (DUT) is decreasing. Thus the current increase in this case is 
equivalent to the resistance decrease in the DUT (resulting in higher GON). The 
gradual increase in current agrees with our previous observation for the time-
voltage dependent SET process that a longer stress duration (for constant 
voltage magnitude stress) produces a higher GON, as discussed in section 7.2. 
In the DUT, if the current during the SET process is not built up gradually, 
then we should not have observed this time dependency of GON. Relating this 
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to the physical process, a higher GON is due to the formation of an effectively 
“thicker” (larger cross-sectional area) filamentary path. This process is 
continuous and gradual, as in most diffusion processes involving ions, rather 
than a sudden process. The RON of the DUT will finally stabilize at a certain 
value and the current through the circuit remains constant until the external 
voltage pulse ceases. In this particular example, the stabilized RON of the DUT 
is about 370 Ω. This estimated RON  is one order of magnitude larger compared 
to that measured using the sweep voltage method. The difference is due to the 
smaller current compliance of <3 mA used here rather than the 20 mA used in 
the previous sweep voltage experiment. 
 
Figure 7.8: Transient current response for the SET process of the Ag/Ag2S thin film 
structure characterized by a voltage pulse with amplitude of -3 V and width 
of 2 µs.  
The RESET process is also characterized for the Ag/Ag2S thin film 
structure and a typical transient behaviour is shown in Figure 7.9. As shown in 
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Figure 7.9(a), the DUT is initially in the ON state. When an external voltage 
pulse with amplitude of +10 V has been applied for about 1 µs, the current 
through the DUT starts to decrease gradually, which indicates that the RESET 
process has occurred. To obtain the energy consumed during the RESET 
process, the RESET power (product of RESET voltage and current) is plotted 
versus time in Figure 7.9(b). The RESET energy is obtained by integrating the 
area under this curve.  Based on our calculations, the RESET energy for the 
tested devices with the Ag/Ag2S thin film structure is of the order of 10-8 J. 
The smallest RESET energy that we have obtained so far is 2.69 x 10-8  J. 
 
Figure 7.9: (a) Transient current response for the RESET process of Ag/Ag2S thin 
film structure characterised by a voltage pulse with amplitude +10 V and 
width of 2 µs. (b) Plot of RESET power as a function of time, giving the 








7.4 Summary  
By applying a constant voltage stress and observing the subsequent I-V 
curves, it is found that voltages much smaller than the VSET obtained for a 
sweeping voltage stress are able to switch the thin film device from the HRS 
to LRS if the stress duration is sufficiently long. For both the thin film and 
nanowire array structures, it is observed that the SET process in resistive 
switching is dependent on both stress voltage magnitude and stress duration.  
The GON values increase with either an increased voltage magnitude or 
increased stress duration. The increase in GON is possibly a result of an 
increase in the effective cross-sectional area of the conductive filamentary 
path formed.  
The cyclic switching behaviour between the nanowire array and thin 
film structures is also compared. In summary, from the comparison of the RS 
parameter values obtained from the two different structures, it is observed that 
nanostructuring of the Ag/Ag2S hetero-structure from a two-dimensional thin 
film to a one-dimensional nanowire structure results in an improvement in the 
SET process parameters. By using pulsed voltage as the external switching 
stimulus, we found that the smallest RESET energy for the Ag/Ag2S thin film 






CHAPTER 8 CONCLUSIONS AND FUTURE WORK 
8.1  Conclusions 
In this work, we have demonstrated repeatable bipolar resistive 
switching (RS) in the I-V behaviour of the Ag/Ag2S heteronanowire and thin 
film structures using both probe station and SPM characterization. Based on 
the observed differences in VSET, VRESET and GON , and the fact that the length 
of the Ag2S portion in the heteronanowire structure and the thickness of the 
Ag2S layer in the thin film structure are almost identical, it is inferred that the 
decrease in VSET and increase in GON for the nanowire array as compared to the 
thin film structure is due to a longer filament length arising from a lack of 
confinement in the latter (thin film) structure. From the comparison of the RS 
parameter values obtained from the different two structures, it is observed that 
nanostructuring of the Ag/Ag2S heterostructure from a two-dimensional thin 
film to a one-dimensional nanowire structure results in an improvement in the 
SET process parameters. Since GON value does not scale proportionally to the 
probed area, we thus conclude that the RS phenomenon is a localized effect 
and RS for the heteronanowire array structure is dominated by that occurring 
possibly in one single heteronanowire. Besides the electric-field dependence, 
the time dependency of filament formation is demonstrated by using constant 
voltage stress as the external electrical stimulus with the compliance current 
held inactive. An increase in the cross-sectional area of the Ag filament is 
found when the device is stressed at a higher voltage magnitude or for a longer 
duration. In addition to the experimental results, simulation results on the RS 
149 
 
memory effect are also presented. It is found from theoretical simulation that 
if the compliance current is high, there will be formation of multiple filaments, 
which is equivalent to a larger cross-sectional area of the conducting path. The 
theoretical prediction agrees with the experimental findings from the constant 
voltage stress test. In the thin film structure, the simulated filament shape is 
twisted and different from the confined straight profile observed in the 
nanowire structure. This supports the experimental observation of higher VSET 
in the thin film structure. 
Unipolar RS in the Y2O3 thin film structure is also demonstrated in this 
work. It should be noted that Y2O3 is a relatively unexplored transition metal 
oxide material for RS application and results from this work have shown that 
it is a promising candidate RS material. A device with larger electrode size 
(area) is found to be formed much easier than that with a smaller electrode size. 
This suggests that fewer defects are available in the Y2O3 material under the 
smaller area electrode to form the conductive filament. In addition, VFORM  
scales proportionally to the oxide film thickness due to a longer filament 
needed in a thicker film. By changing the annealing condition, the conductive 
filament origin in Y2O3 is identified to be due to oxygen vacancies, VO2+. 
Adding a Y-interlayer before the sputtering of Y2O3 helps in the reduction of 
IRESET and this provides insight into reducing the total switching energy 
consumption for RRAM application. Comparing the I-V behaviour on 
M-Y2O3-Al, where M (metal electrode) could either be Au, Pt or Al, it is 
concluded that repeatable RS could only be observed by having a reasonably 
small VFORM. Otherwise, permanent dielectric breakdown could occur due to 
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the large power dissipation when the device is switched from the HRS to the 
LRS in the forming process. Compared to other binary metal oxide materials 
showing the RS phenomenon, it is found that the Y2O3 thin film MIM 
structure gives high ON/OFF resistance ratio of >106, small ISET  of 0.1 mA, 
reasonable IRESET  and long memory retention duration. These, coupled with 
the unipolar switching nature of Y2O3 and the CMOS compatible fabrication 
process, makes it a very promising candidate material for RRAM application. 
However, the cyclic endurance performance of the Y2O3 thin film structure has 
to be further improved. 
8.1  Future Work 
Though extensive analysis for the RS behaviour in both bipolar and 
unipolar switching has been discussed in this thesis, further exploration in 
several areas can still be carried out in future work. Some of these possibilities 
are elaborated below.  
As discussed in Chapter 4, the yield of obtaining RS in the Al-Y-Y2O3-
Al structure with low IRESET is presently about 10%. Further innovations are 
needed to improve the yield as the low IRESET property is desirable in reducing 
the switching energy consumption in RRAM application. In addition, the 
linkage between the low IRESET property and process parameters is still not 
clear. Further explorations focused on varying process parameters (e.g., Y 
interlayer thickness, type of inserted metal layer, etc.) can be carried out 
systematically to improve the RS yield.  
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It is always desirable to fabricate a lateral structure to demonstrate RS, 
therefore electrical characterization followed by in-situ or ex-situ TEM 
analysis could be carried out. This will provide visualization and comparison 
of the filament in accordance to either ON or OFF states triggered by electrical 
bias, which will yield further insights into the RS phenomenon. Since low 
VFORM is preferred to avoid permanent dielectric breakdown, the distance 
between the two electrodes in the lateral structure should be restricted to 
≤100nm. Electron beam lithography (EBL) is one of the techniques that could 
be used to pattern closely positioned electrodes. However on a TEM 
membrane, EBL could not be done properly due to the difficulty in spin 
coating PMMA on an uneven and soft membrane surface. A heterojunction 
nanowire with MIM structure dispersed on a TEM membrane, as illustrated in 
Figure 8.1, may provide another alternative. The heterojunction nanowire 
could be fabricated using electrodeposition as described in the fabrication of 
the Ag/Ag2S heteronanowire. An additional layer of metal (“M”), such as Pt or 
Au, could be subsequently deposited after the sulfurization of Ag. Long 
lengths of the two “M” sections are desirable to provide sufficient allowances 
for the manipulators to probe on them. In contrast, the length of the “I” section 
needs to be controlled within the range in which forming could be carried out 
successfully. Once the nanowire is switched to a certain state, the sample 
could be transferred for TEM characterization. However, successful 
implementation of the proposed lateral structure is largely hindered by the 
difficulty in controlling precisely the Ag nanowire growth in the current 
research work. Further improvement of the uniformity and precision in the Ag 
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wire growth is needed. We note here that the validity of the proposal could be 
extended to other metal oxide materials, provided the particular metal could be 
easily electrodeposited and subsequently oxidized.   
     
 
Figure 8.1: Schematic illustration of MIM heterojunction nanowire dispersed on TEM 
membrane for electrical bias using nanomanipulators. The “I” section of the 
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